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U n c l a s  I 

LM-Earth communications cannot  b e  m a i n t a i n e d  i n  a rea l -  
t i m e ,  h igh -b i t - r a t e  mode wi thou t  a p e r i o d  o f  beam i n t e r f e r e n c e  f o r  
some o f  t h e  l u n a r  l a n d i n g  s i t e s  and dates now con templa t ed .  T h i s  
memorandum p r e s e n t s  a p a r a m e t r i c  a n a l y s i s  o f  t h i s  beam i n t e r f e r e n c e  
problem and d i s c u s s e s  t h e  major i n t e r f a c e s  i n v o l v e d .  Best and wors t  
c a s e  c o n d i t i o n s  are s e l e c t e d  and  scanned w i t h i n  estimated pa rame te r  
l i m i t s .  V a r i a t i o n s  i n  t h e  l u n a r  p a r k i n g  o r b i t  p l a n e ,  the  l u n a r  
l i b r a t i o n  c o n d i t i o n s ,  t h e  l u n a r  l a n d i n g  s i t e  l o c a t i o n ,  and the LN 
yaw a t t i t u d e  were c o n s i d e r e d  i n  t h e  a n a l y s i s .  

The s e v e r i t y  of t h i s  problem i s  shown t o  b e  s u c h  t h a t  i n  
t h e  wors t  c a s e ,  communications c o u l d  be l o s t  more t h a n  half the  
t i m e  d u r i n g  e i t h e r  LM powered d e s c e n t  or a s c e n t .  O f  t h e  e i g h t  
c a n d i d a t e  s i t e s  f o r  t h e  f i r s t  l u n a r  l a n d i n g ,  on ly  t h e  S i n u s  Medii 
s i t e  would b e  a c c e s s i b l e  wi thou t  beam i n t e r f e r e n c e ,  f o r  a l l  l a n d i n g  
dates. 

It i s  shown t h a t  t h e  most v i a b l e  s o l u t i o n  t o  t h i s  problem 
c e n t e r s  on r e - o r i e n t i n g  t h e  LM i n  yaw a t t i t u d e  w i t h i n  l a n d i n g  radar  
c o n s t r a i n t s  and/or  changing t n e  l u n a r  p a r k i n g  o r b i t  p l a n e  w i t h i n  
SPS f u e l  c o n s t r a i n t s .  I n  c o n s i d e r i n g  t h e  i n t e r f a c e  w i t h  l a n d i n g  
radar o p e r a t i o n ,  a yaw s o l u t i o n  i s  found p o s s i b l e  f o r  a l l  o f  the  
c a n d i d a t e  l a n d i n g  s i t e s .  A nonopt imal  l u n a r  o r b i t  p l a n e  cannot  he 
chosen  i n  o r d e r  t o  a v o i d  beam i n t e r f e r e n c e  i n  a l l  c a s e s ;  the  SPS 
f u e l  r e s e r v e  i s  seen  t o  vary  w i d e l y  ove r  t h e  v a r i o u s  l a u n c h  oppor- 
t u n i t i e s .  I n  a d d i t i o n ,  communications l o s s e s  due t o  a n t e n n a  gimbal  

n s ,  t h e  l u n a r  s u r f a c e  may n o t  be  viewed from a "face-down" 
e n c o u n t e r  are d i s c u s s e d ,  and i t  i s  shown t h a t  f o r  worst c a s e  
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1 . 0  I N T R O D U C T I O N  

Exper i ence  and v a r i o u s  p l a n n i n g  c o n s i d e r a t i o n s  d i c t a t e  
t h e  d e s i r a b i l i t y  o f  m a i n t a i n i n g  as s t r o n g  a communications l i n k  
as p o s s i b l e  w i t h  E a r t h  du r ing  LM powered d e s c e n t  t o  t h e  l u n a r  s u r -  
f a c e ,  as w e l l  as d u r i n g  powered a s c e n t  t o  a s t a b l e ,  pre- rendezvous  
o r b i t .  For  these  phases  o f  t h e  l u n a r  m i s s i o n ,  t h e  p r i n c i p a l  LM- 
E a r t h  data l i n k  w i l l  b e  v i a  t h e  U n i f i e d  S-Band System. The 
m a j o r i t y  of  t h e  data  t o  b e  t r a n s m i t t e d  t o  E a r t h  w i l l  r e q u i r e  u s e  
of  t h e  LM s t ee rab le  a n t e n n a  i n  t h e  h igh-b i t - ra te  mode. However, 
f o r  some o f  t h e  l u n a r  l a n d i n g  s i t e s  and dates  now con templa t ed ,  
t h e  LM s teerab le  a n t e n n a  cannot be  d i r e c t e d  t o  a t t a i n  a c l e a r  l i n e  
o f  s i g h t  t o  E a r t h  wi thou t  beam i n t e r f e r e n c e .  The forward  and a f t  
RCS c l u s t e r s  and mounts on t h e  r igh t -hand- s ide  of  t h e  LM are  p r i -  
m a r i l y  r e s p o n s i b l e  f o r  t h i s  beam i n t e r f e r e n c e ,  f o r  LM powered 
d e s c e n t  and a s c e n t ,  r e s p e c t i v e l y .  

A q u a l i t a t i v e  unde r s t and ing  of  t h e  beam i n t e r f e r e n c e  
problem may be o b t a i n e d  from F i g u r e s  (1) and ( 2 ) .  The S-Band 
s teerab le  an tenna  e l e v a t i o n  and az imuth  a n g l e s  a re  d e f i n e d  i n  
F i g u r e  ( 2 a ) .  Note t h a t  an tenna  e l e v a t i o n  i s  a l w a y s  measured i n  
t h e  LM XB,  ZB p l a n e ;  i . e . ,  t h e  c o n v e n t i o n  f o r  t h e  o r d e r  o f  r o t a t i o n s  
i s  e l e v a t i o n ,  t h e n  az imuth .  A s  can  b e  s e e n  from F i g u r e  (l), i f  
t h e  a n t e n n a  i s  o r i e n t e d  a t  a n e g a t i v e  e l e v a t i o n  below -30°, t h e n  
l o o k i n g  i n b o a r d  of 2 O  ou tboard  w i l l  c ause  beam i n t e r f e r e n c e  w i t h  
t h e  RCS c l u s t e r s  and p o s s i b l y  t h e  a s c e n t  and d e s c e n t  s t a g e s .  The 
same h o l d s  f o r  a p o s i t i v e  e l e v a t i o n  beyond +210°. F i g u r e  ( 2 b )  
shows t h e  impact  of b o t h  s t r u c t u r a l  i n t e r f e r e n c e  and. antenna g i m -  
b a l  s t o p  c o n s t r a i n t s  on t h e  a v a i l a b l e  a n t e n n a  a n g l e  cove rage .  A 
more d e t a i l e d  d i s c u s s i o n  o f  an tenna  coverage  i s  g i v e n  i n  Appendix 
C .  The roll, p i t c h ,  and yaw conven t ions  which w i l l  be  used  i n  
t h i s  memorandum are  a l s o  i n d i c a t e d  on F i g u r e  (1). These d e f i n i t i o n s  
are p i l o t  o r i e n t e d  rather t h a n  t h r u s t  a x i s  o r i e n t e d .  

TELEMETRY REQUIREMENTS 

I n  s u p p o r t  of the  assumption t h a t  LM h igh-b i t - ra te  com- 
m u n i c a t i o n s  w i t h  E a r t h  are c o n s i d e r e d  h i g h l y  d e s i r a b l e  d u r i n g  
d e s c e n t  and a s c e n t ,  t h e  f o l l o w i n g  l i s t  o f  t e l e m e t r y  f u n c t i o n s  which 
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are a v a i l a b l e  on ly  i n  the h i g h - b i t - r a t e  mode i s  p r e s e n t e d :  A l l  
LM gu idance  downlink data ,  a l l  a b o r t  gu idance  computer downlink 
data, RCS command and response  data, and a l l  dynamic data from 
t h e  l a n d i n g  radar and t h e  rendezvous radar. (Reference  1) Lhcking 
t h e  above data, t h e  a b i l i t y  t o  compare d a t a  from t h e  MSFN, t h e  LM 
gu idance  computer,  and the a b o r t  gu idance  sys tem would be l o s t .  
The t o t a l  powered d e s c e n t  t i m e ,  from i n i t i a t i o n  of Braking  a t  
50,000 f t .  l u n a r  a l t i t u d e ,  t o  the moment o f  touchdown, w i l l  nomi- 
n a l l y  be a f e w  seconds  g r e a t e r  t h a n  t e n  minu tes .  T h i s  w i l l  be  
s u f f i c i e n t  t i m e  t o  p r o v i d e  a l i m i t e d  number o f  real-time ground 
d e c i s i o n s  conce rn ing  the  s t a t e  o f  t he  t r a j e c t o r y ,  subsys tems,  
and crew. (See  Reference  2 )  Up-link c o n f i r m a t i o n  of  nominal 
cou ld  be p rov ided ,  as w e l l  as p o s s i b l e  a b o r t  commands. 

REQUIREMENTS FOR LANDING RADAR 

The same unknowns concern ing  sys tem performance and 
l u n a r  t e r r a i n  which prompt t h e  r equ i r emen t  f o r  a s t r o n g  com- 
mun ica t ions  l i n k  a l s o  demand t h a t  a check on t h e  e s t i m a t e d  s e l e n o -  
g r a p h i c  v e h i c l e  a l t i t u d e  and v e l o c i t y  be performed,  u s i n g  t h e  l and-  
i n g  radar sys tem,  as e a r l y  i n  the  d e s c e n t  t r a j e c t o r y  as p o s s i b l e .  
Because a t t i t u d e  r e o r i e n t a t i o n  o f  t h e  LM w i l l  be c o n s i d e r e d  as 
one p o s s i b l e  s o l u t i o n  t o  t he  beam i n t e r f e r e n c e  problem, it w i l l  
be n e c e s s a r y  t o  c o n s i d e r  t h e  i n t e r f a c e  between t h e  beam i n t e r -  
f e r e n c e  problem and l a n d i n g  radar o p e r a t i o n .  I f  t h e  LM shou ld  
b e  o r i e n t e d  a t  a non-zero yaw a t t i t u d e  when radar data a c q u i s i t i o n  
i s  schedu led  t o  b e g i n ,  there may b e  a d e g r a d a t i o n  of  t h e  radar 
o u t p u t ,  o r  l o s s  o f  t r a c k  on one o r  more beams, depending on t h e  
e x t e n t  o f  t h e  yaw d e v i a t i o n  from z e r o .  A s  w i l l  be  shown i n  t h e  
subsequent  s e c t i o n s ,  most combinat ions of  m i s s i o n  parameters w i l l  
p e r m i t  a s o l u t i o n  which s a t i s f i e s  b o t h  radar and communications.  

1 . 2  QUALITATIVE ATTITUDE AND TRAJECTORY CONSIDERATIONS 

Befo re  a d i s c u s s i o n  of t h e  p a r a m e t r i c  a n a l y s i s  t h a t  
was performed i s  p r e s e n t e d ,  it w i l l  be  u s e f u l  t o  d e f i n e  t h e  
o v e r a l l  beam i n t e r f e r e n c e  problem u s i n g  a q u a l i t a t i v e  approach .  
For t h i s  pu rpose ,  some geometry r e l e v a n t  t o  LM maneuvers d u r i n g  
powered d e s c e n t  and a s c e n t  i s  d e p i c t e d  i n  F i g u r e  ( 3 ) .  The LM 
i s  shown a t  t h e  s t a r t  of descen t  t o  an  e a s t e r n  s i t e  in (a> ,  2nd 
a t  t h e  end of a s c e n t  from a wes te rn  s i t e  i n  ( b ) .  The h y p o t h e t i c a l  
c a s e  drawn has t h e  l a n d i n g  s i t e  a t  z e r o  l a t i t u d e  and the  d e s c e n t  
and a s c e n t  t r a j e c t o r i e s  l y i n g  e n t i r e l y  w i t h i n  t he  l u n a r  e q u a t o r i a l  
p l a n e  ( 2 7 0 °  LM l a n d i n g  and launch a z i m u t h s ) .  T h e r e f o r e ,  t h e  p l a n e  
o f  t h e  p a p e r  i s  b o t h  t h e  l u n a r  e q u a t o r i a l  p l a n e  and t h e  p l a n e  o f  
t h e  LM XB, ZB body a x e s ,  

when t h e  a n t e n n a  az imuth  i s  less t h a n  2 O  s imul t aneous  w i t h  t h e  
a n t e n n a  e l e v a t i o n  l e s s  t h a n  -30' ( d u r i n g  d e s c e n t )  or g r e a t e r  t h a n  

The LM i s  shown a t  a z e r o  yaw a t t i t u d e .  

A s  ment ioned p r e v i o u s l y ,  beam i n t e r f e r e n c e  w i l l  o ccu r  
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210" ( d u r i n g  a s c e n t ) .  The a n g l e  o f  t h e  E a r t h  p o s i t i o n  v e c t o r  
w i t h  r e s p e c t  t o  t he  p l a n e  o f  F i g u r e  ( 3 )  i s  e q u a l  t o  t h e  l u n a r  
l i b r a t i o n  i n  l a t i t u d e .  For  t h i s  h y p o t h e t i c a l  c a s e ,  l a t i t u d e  
l i b r a t i o n s  less t h a n  t 2 O  w i l l  d e f i n e  the  E a r t h  p o s i t i o n  v e c t o r  
such  t h a t  beam i n t e r f e r e n c e  w i l l  o c c u r  when the  an tenna  e l e v a t i o n  
i s  less  t h a n  -30" ( d u r i n g  d e s c e n t )  or greater t h a n  210' ( d u r i n g  
a s c e n t ) .  

V a r i a t i o n s  on t h e  a n g u l a r  c o n f i g u r a t i o n  shown i n  F i g u r e  
( 3 )  a r e  of two t y p e s .  F i r s t ,  c o n s i d e r  a n g u l a r  changes w i t h i n  t h e  
p l a n e  of t h e  paper.  A s  can be s e e n ,  a n g u l a r  changes i n  t h e  s i t e  
l o n g i t u d e ,  t h e  l u n a r  l o n g i t u d e  l i b r a t i o n ,  t h e  c e n t r a l  a n g l e  be- 
tween t h e  LM and t h e  l a n d i n g  s i t e ,  and the  LM p i t c h  a t t i t u d e  a l l  
produce  e q u i v a l e n t  e f f e c t s  on t h e  a n t e n n a  e l e v a t i o n .  Now c o n s i d e r  
a n g u l a r  changes above and below t h e  p l a n e  o f  F i g u r e  ( 3 ) .  I f  t h e  
LM l a n d i n g  or l aunch  azimuths are o t h e r  t h a n  2 7 0 ° ,  t he  LM t r a -  
j e c t o r y  p l a n e  w i l l  n o t  c o i n c i d e  w i t h  t he  l u n a r  e q u a t o r i a l  p l a n e  
(which c o n t a i n s  t h e  s i t e  i n  t h i s  example) and t h e  LM w i l l  b e  
e i t h e r  above or below t h e  p l ane  o f  F i g u r e  ( 3 ) .  T h e r e f o r e ,  v a r i -  
a t i o n s  i n  s i t e  l a t i t u d e ,  l u n a r  l a t i t u d e  l i b r a t i o n s ,  and t h e  LM 
t r a j e c t o r y  p l a n e  w i l l  produce s imi la r  b u t  non-equiva len t  e f f e c t s  
on t h e  a n t e n n a  az imuth  r e q u i r e d  t o  t r a n s m i t  t o  E a r t h .  

YAW SOLUTION CONSIDERATIONS 

The concept  of  a yaw s o l u t i o n  t o  t h e  S-Band beam i n t e r -  
f e r e n c e  problem may be  e x p l a i n e d  i n  a q u a l i t a t i v e  manner w i t h  t h e  
a i d  o f  F i g u r e  ( 4 ) .  T h e  p l ane  of  t h e  p a p e r  i n  t h i s  f i g u r e  i s  t h e  
LM YB, ZB p l a n e ,  and the  LM i s  shown d u r i n g  powered d e s c e n t .  
The l a t i t u d e  l i b r a t i o n  i s  shown n e g a t i v e ,  b u t  c o u l d  be shown 
p o s i t i v e  by an  e q u a l  a n g u l a r  magni tude.  A z e r o  yaw a t t i t u d e ,  
w i t h  r e s u l t i n g  communications b l a c k o u t ,  i s  shown i n  ( a ) ,  and a 
r e o r i e n t e d  yaw a t t i t u d e ,  w i th  no communications loss, i s  shown 
i n  ( b ) .  It i s  assumed i n  t h i s  memorandum, u n l e s s  o t h e r w i s e  s ta ted,  
t ha t  the  LM z e r o  yaw a t t i t u d e s  f o r  powered d e s c e n t  and a s c e n t  a r e  

face-up" and "face-down", w i t h  the LM+ZB body a x i s  p o i n t l n g  away 
from and toward t h e  l u n a r  s u r f a c e ,  r e s p e c t i v e l y .  

I1 

SURFACE VIEWING ETvTP,I?!C- LX DESCENT 

I n  F i g u r e  ( 4 c ) ,  geometry a s s o c i a t e d  w i t h  a 180" yaw 
a t t i t u d e  d u r i n g  powered descen t  i s  presented. A 180" yaw ( " f a c e -  
down" a t t i t u d e )  would enab le  t h e  crew t o  view t h e  l u n a r  s u r f a c e ,  
b u t  would be i n  e x c e s s  o f  the c o r r e c t i v e  yaw a n g l e s  t h a t  are re- 
q u i r e d  t o  a v o i d  beam i n t e r f e r e n c e .  S i n c e  t h e  LM a t t i t u d e  i n  t h e  
l a t t e r  p o r t i o n  of LM descen t  must be he ld  a t  approx ima te ly  z e r o  
yaw f o r  u s e  o f  t h e  l a n d i n g  p o i n t  d e s i g n a t o r  as w e l l  as t h e  l a n d i n g  
radar, s u r f a c e  viewing d u r i n g  t h e  i n i t i a l  p o r t i o n  of  t h e  d e s c e n t  
would n e c e s s i t a t e  a 180" yaw maneuver back t o  z e r o  somewhere b e f o r e  
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High Gate. I f  t h e  geometry o f  F i g u r e  ( 4 )  were t o  b e  changed 
t o  co r re spond  t o  a s o u t h e r n  l a n d i n g  s i t e  and p o s i t i v e  l a t i t u d e  
l i b r a t i o n ,  t h e  f i g u r e  would show t h a t  yawing t h e  LM t o  a 180" 
yaw a t t i t u d e  i n  o r d e r  t o  view t h e  s u r f a c e  c o u l d  c r e a t e  a beam 
i n t e r f e r e n c e  s i t u a t i o n .  The re fo re ,  t h e  e f f e c t  o f  a 180" yaw 
maneuver on S-Band beam i n t e r f e r e n c e  canno t  be de t e rmined  u n t i l  
t h e  LM t r a j e c t o r y  and a t t i t u d e ,  t h e  l u n a r  l i b r a t i o n s ,  and t h e  
LM l a n d i n g  az imuth  have been s p e c i f i e d .  

C O M M U N I C A T I O N S .  D U R I N G  LM COAST 

Befo re  l e a v i n g  t h e  d i s c u s s i o n  o f  F i g u r e s  ( 3 )  and ( 4 ) ,  
i t  w i l l  be  w e l l  t o  ment ion a n t e n n a  p o i n t i n g  problems f o r  t h e  
unpowered p o r t i o n s  of t h e  LM d e s c e n t  and a s c e n t  t r a j e c t o r i e s .  
When t h r u s t i n g ,  t h e  LM p i t c h  and roll a t t i t u d e s  are c o n t r o l l e d  
b y  t h e  onboard gu idance ,  and any c o n s t r a i n t s  a p p l i e d  t o  t h e  
p i t c h  o r  roll a t t i t u d e  would be  u n a c c e p t a b l e .  Yawing abou t  t h e  
t h r u s t  o f  c o u r s e  does  n o t  r e d i r e c t  t h e  t h r u s t  v e c t o r ;  t h e  on ly  
e f f e c t  i s  a t r a n s f o r m  of t h e  v e h i c l e ' s  i n e r t i a  t e n s o r .  I n  con- 
t r a s t ,  when on a c o a s t i n g  t r a j e c t o r y ,  t h e  LM p i t c h  a t t i t u d e  i s  
a r b i t r a r y  e x c e p t  for c o n s t r a i n t s  such  as t h o s e  a s s o c i a t e d  w i t h  
s t a r  s i g h t i n g s  f o r  p l a t f o r m  a l i g n m e n t ,  rendezvous  radar t r a c k i n g ,  
and  o p t i c a l  t r a c k i n g .  

T h e r e f o r e ,  t h e r e  s h o u l d  b e  no S-Band beam i n t e r f e r e n c e  
problem f o r  t h e  unpowered p o r t i o n s  o f  t h e  LM t r a j e c t o r y ,  i f  t h e  
p r o p e r  p i t c h  a t t i t u d e  i s  e s t a b l i s h e d  whi le  on an  i n e r t i a l  c o a s t .  
While behind  t h e  moon, t h e  LM w i l l  t r a n s m i t  l o w - b i t - r a t e  i n f o r -  
ma t ion  v i a  t h e  VHF s y s t e m  t o  t he  C S M .  T h i s  w i l l  t h e n  be  r e c o r d e d  
f o r  subsequent  t r a n s m i s s i o n  t o  Earth.  

1 . 3  ISOLATION OF THE PROBLEM PARAMETER SPACE 

The f u n c t i o n a l  dependence o f  the  S-Band communications 
t i m e  t h a t  may be  l o s t  and t h e  maximum of  t h e  a b s o l u t e  v a l u e  of  
t h e  yaw t i m e  f u n c t i o n  r e q u i r e d  t o  r e c o v e r  communications i s  
i n d i c a t e d  by Equa t ion  (1) below: 

The pa i r s  ( p s ,  A s )  and ( v L ,  X L )  a re  the  s e l e n o g r a p h i c  l a n d i n g  s i t e  
c o o r d i n a t e s  and t h e  l u n a r  l i b r a t i o n s ,  i n  l a t i t u d e  and l o n g i t u d e ,  
r e s p e c t i v e l y .  T h e  p l a n e  o f  the LM d e s c e n t  t r a j e c t o r y ,  f o r  a g i v e n  
l a n d i n g  s i t e ,  i s  de termined  by the l a n d i n g  az imuth ,  a .  The p l a n e  
o f  t h e  LM a s c e n t  t r a j e c t o r y  f o r  a g i v e n  s i t e  i s  de termined  by 
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b o t h  the l a n d i n g  azimuth and the  s u r f a c e  s t a y  t i m e ,  TS. The 
LM a t t i t u d e  i s  de termined  by e ( t )  and B ( t ) ,  which are t h e  LM 
p i t c h  and roll a n g l e s ,  r e s p e c t i v e l y ,  and are the  r e s u l t  o f  t h e  
t h r u s t i n g  c o n t r o l  e x e r c i s e d  by t h e  LM onboard gu idance .  The 
l o s t  t i m e  i s  e v a l u a t e d  a t  the yaw a n g l e  $= Oo. The a n g l e  $ ( t )  
i n  Equa t ion  (1) i s  the l u n a r  c e n t r a l  a n g l e  between the  l o c a l  
v e r t i c a l  a t  the l a n d i n g  s i t e  and t h e  l o c a l  v e r t i c a l  a t  t h e  LM 
p o s i t i o n .  

I n  t h e  s e c t i o n s  which f o l l o w ,  the s e l e c t i o n  o f  m i s s i o n  
parameters i s  d i s c u s s e d  f i r s t ,  fo l lowed  by a p r e s e n t a t i o n  o f  t h e  
r e s u l t s  of a computer s i m u l a t i o n  which used  s e l e c t e d  parameters 
as i n p u t s .  Y a w  t i m e  h i s t o r i e s  and a n t e n n a  a n g l e  l o c i  are i n -  
c luded .  T h i s  i s  fo l lowed  by a d i s c u s s i o n  of t h e  l a n d i n g  radar 
i n t e r f a c e  and some mention of  l u n a r  s u r f a c e  a c c e s s i b i l i t y .  T h e  
f i n a l  s e c t i o n  t h e n  summarizes t he  r e s u l t s  and o f f e r s  s e v e r a l  
o p t i o n s  f o r  s o l u t i o n  o f  t h e  problem. 

2 . 0  SELECTION OF SPECIFIC MISSIvN PARAMETERS 

The S-Band communications i n t e r f e r e n c e  t i m e  cannot  be 
de t e rmined  u n t i l  a l l  parameters  i n  Equat ion  (1) have been d e t e r -  
mined. While t h e  s e l e c t i o n  of  t h e s e  pa rame te r s  i s  i n t e g r a l  t o  
o v e r a l l  mi s s ion  d e s i g n ,  some d i s c u s s i o n  o f  t h e i r  v a r i a t i o n s  w i l l  
a id  i n  bounding t h e  problem and e s t a b l i s h i n g  a s o l u t i o n .  

2 . 1  L A N D I N G  AZIMUTH AND STAY TIME SELECTION 

A performance-optimum l u n a r  o r b i t  for a Lunar O r b i t a l  
Rendezvous m i s s i o n  i s  one which minimizes  SPS ( S e r v i c e  P r o p u l s i o n  
System) f u e l  usage  f o r  the  e n t i r e  m i s s i o n .  F o r  a g i v e n  l u n a r  
l a n d i n g  s i t e ,  one may e s t ab l i sh  an i n f i n i t y  o f  o r b i t s  which pass 
o v e r  t h e  s i t e ,  each  having  a d i f f e r e n t  "LM l a n d i n g  az imuth" .  
The LM l a n d i n g  az imuth ,  a, may b e  d e f i n e d  as  t he  a n g l e  between 
t h e  d i r e c t i o n  v e c t o r  from t h e  l a n d i n g  s i t e  t o  l u n a r  n o r t h ,  and 
t h e  d i r e c t i o n  v e c t o r  o f  t h e  LM t r a j e c t o r y  a t  t h e  l a n d i n g  s i t e .  
F o r  an e n t i r e l y  p l a n a r  LM t r a j e c t o r y ,  s p e c i f i c a t i o n  of t h e  l a n d i n g  
az imuth  un ique ly  s p e c i f i e s  t h e  d e s c e n t  t r a j e c t o r y  p l a n e  f o r  a 
g i v e n  s i t e .  The performance-optimum l u n a r  p a r k i n g  o r b i t  w i l l  
p o s s e s s  a unique  l a n d i n g  azimuth.  

For any p a r t i c u l a r  E a r t h  l aunch  d a t e  (or l u n a r  l a n d i n g  
d a t e )  t h e  t o t a l  SPS f u e l  consumed w i l l  va ry  w i t h  changes i n  t h e  
LM l a n d i n g  az imuth .  Examples o f  t h i s  v a r i a t i o n  a r e  p r e s e n t e d  
i n  F i g u r e s  ( 5 ) ,  ( a )  and ( b ) ,  where end-of-mission SPS f u e l  r e s e r v e  
i s  p l o t t e d  v s .  LM l a n d i n g  azimuth,  a. These cu rves  were c a l c u l a t e d  
u s i n g  t h e  we igh t s  of Reference 4 .  Midcourse c o r r e c t i o n  a l lowances  
were i n c l u d e d ,  as were r e s e r v e s  f o r  LM r e s c u e .  The l i n e  i n d i c a t i n g  
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t h e  SPS minimum o p e r a t i o n a l  r e s e r v e  d e f i n e s  the  maximum t o l e r a b l e  
r ange  of  l a n d i n g  az imuths ,  f o r  t h e  g i v e n  m i s s i o n  parameter con- 
d i t i o n s .  Note a l s o  tha t  these cu rves  show the optimum azimuth 
v a r y i n g  by as much as 15O between launch  dates.  Superimposihg 
l u n a r  l i g h t i n g  c o n s t r a i n t s  on cu rves  such  as t h o s e  of  F i g u r e  ( 5 )  
w i l l  g e n e r a l l y  e l i m i n a t e  a l l  b u t  one l aunch  o p p o r t u n i t y  p e r  month, 
t h e r e f o r e  r e d u c i n g  t h e  o v e r a l l  r ange  o f  az imuths  shown. However, 
i n  o r d e r  t o  o b t a i n  best  and wors t  case c o n d i t i o n s  as concerns  
t h e  S-Band beam i n t e r f e r e n c e  problem, a comprehensive r ange  o f  
az imuths  between 250° and 290° w a s  scanned i n  t h i s  a n a l y s i s .  

LUNAR SURFACE STAY TIME 

The l u n a r  s u r f a c e  s t a y  t i m e  w i l l  i n f l u e n c e  LM-Earth 
communications f o r  two r e a s o n s .  F i r s t ,  l u n a r  r o t a t i o n  w i l l  re- 
q u i r e  t h e  LM a s c e n t  t r a j e c t o r y  p l a n e  t o  be d i f f e r e n t  from t h e  
d e s c e n t  t r a j e c t o r y  p l a n e ,  and second,  t h e  earth-moon l i n e  w i l l  
change s l i g h t l y  between descen t  and a s c e n t  because  of  l u n a r  
l i b r a t i o n s .  Fo r  t h i s  s t u d y ,  l u n a r  r o t a t i o n  was t a k e n  i n t o  accoun t ,  
and t h e  s t a y  t i m e  was f i x e d  a t  4 4  hours  (nominal  s t a y  p l u s  maxi-  
mum c o n t i n g e n c y ) .  The manner i n  which l u n a r  l i b r a t i o n s  change 
d u r i n g  s t a y  t i m e  w i l l  b e  a f u n c t i o n  o f  the p a r t i c u l a r  l a n d i n g  
date; i n  some c a s e s  t h e r e  may be v i r t u a l l y  no change,  while a t  
o t h e r  t imes there  may be  a d i f f e r e n c e  of  up t o  2 O  i n  4 4  h o u r s .  
Because of  t h i s  l a n d i n g  date dependence, t h e  change i n  l i b r a t i o n s  
d u r i n g  s t a y  t i m e  was not  i nc luded .  

2 . 3  LUNAR LIBRATIONS & L A N D I N G  SITES 

A s  d i s c u s s e d  i n  Appendix D ,  t h e  l u n a r  l i b r a t i o n s  f o r  
any g i v e n  month f o l l o w  a locus  which v a r i e s  about  t h e  ( O o , O o )  
s e l e n o g r a p h i c  c o o r d i n a t e  p o i n t  on t h e  f a c e  of  t h e  moon. The 
l o c u s  p l o t s  p r e s e n t e d  i n  Appendix D may be bounded by t h e  a r e a  
shown i n  F igu re  ( 6 a ) ,  f o r  the  y e a r s  1968 and 1969 .  Subsequent  
s e c t i o n s  w i l l  affirm t h a t ,  a s  concerns  S-Band beam i n t e r f e r e n c e ,  
t h e  c o r n e r  p o i n t s  of t h i s  r e g i o n  a r e  t h e  approximate bes t  and 
wors t  l i b r a t i o n  c o n d i t i o n s ,  as l a b e l l e d .  These c o r n e r  p o i n t s  
r e p r e s e n t  extreme c a s e s  which are neve r  a c t u a l l y  reached  i n  
1968-1969. The bounds used i n  o b t a i n i n g  t h e  r e s u l t s  p r e s e n t e d  
i n  t h i s  r e p o r t  were f o r  1968, bu t  do no t  u i f f e r  g r e a t l y  f r o m  
t h e  1968-1969 bounds,  a s  i n d i c a t e d  i n  F igu re  ( 6 b ) .  

The l i b r a t i o n  c o n d i t i o n s  f o r  a g iven  l u n a r  mis s ion  
a r e  de te rmined  q u i t e  s t r o n g l y  by t h e  c o n s t r a i n t  on l u n a r  l i g h t i n g  
c o n d i t i o n s  a t  t h e  t i m e  of LM d e s c e n t .  Curren t  p l a n n i n g  i n d i c a t e s  
t h a t  a r i s i n g  sun at  7 O  t o  20' above t h e  l u n a r  h o r i z o n  would pro-  
v i d e  a c c e p t a b l e  v i s u a l  p e r c e p t i o n  d u r i n g  LM d e s c e n t  manual c o n t r o l .  
T h i s  1 3 O  r ange  s e r v e s  t o  s e l e c t  approximate ly  one day p e r  month 
d u r i n g  which t h e  l i g h t i n g  c o n d i t i o n s  a r e  a c c e p t a b l e  a t  any g i v e n  
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l a n d i n g  s i t e .  F i g u r e  ( 7 )  i n d i c a t e s  how t h e  c h o i c e  o f  s u n  a n g l e  
s e l e c t s  l a t i t u d e  l i b r a t i o n  c o n d i t i o n s  f o r  l u n a r  l a n d i n g  s i t e s  
at  + 4 5 O  ( E a s t )  and -45’ (West) l o n g i t u d e .  These p e r i o d i c  c u r v e s  
r e p r e s e n t  a sampling from the  monthly v a r i a t i o n s  i n  l a t i t u d e  
l i b r a t i o n s ,  which are themselves  p e r i o d i c .  Corresponding c u r v e s  
c o u l d  be drawn f o r  l o n g i t u d e  l i b r a t i o n s .  The f i g u r e  i l l u s t r a t e s  
t h a t  f o r  a g i v e n  l a n d i n g  s i t e ,  t h e  bes t  and wors t  l i b r a t i o n  
c o n d i t i o n s ,  as r e g a r d s  beam i n t e r f e r e n c e ,  w i l l  be s e p a r a t e d  by 
approx ima te ly  s i x  months. 

L A N D I N G  SITES 

Equat ion  (1) i n d i c a t e d  t h e  dependence o f  beam i n t e r -  
f e r e n c e  on t h e  l u n a r  l and ing  s i t e  l a t i t u d e  and l o n g i t u d e .  Although 
a continuum of  l a n d i n g  s i t e  l o n g i t u d e s  was scanned i n  t h i s  a n a l y s i s ,  
o n l y  c e r t a i n  l a n d i n g  s i tes  are unde r  c o n s i d e r a t i o n  f o r  t h e  f i r s t  
l u n a r  m i s s i o n .  Nominally,  l a n d i n g  s i t e s  w i l l  be  r e s t r i c t e d  t o  
t h e  s e l e n o g r a p h i c  r e g i o n  bounded by t h e  c o o r d i n a t e s  ( 1  p s l  , I As1 ) = 
( 5 O ,  45’). These bounds were used  when s e l e c t i n g  a wors t - case  
s i t e  l a t i t u d e  and l o n g i t u d e  f o r  s i m u l a t i o n  pu rposes .  

2 . 4  LM TRAJECTORY DATA 

The communications s i m u l a t i o n  p rocedure  t ha t  i s  d e s c r i b e d  
i n  d e t a i l  i n  t h e  Appendixes u t i l i z e d  LM t r a j e c t o r y  data  t a k e n  from 
Reference  ( 3 ) .  The t r a j e c t o r y  i n f o r m a t i o n  used i s  p l o t t e d  i n  
F i g u r e  ( 8 ) .  The r ange  ang le ,  $J, i s  t h e  l u n a r  c e n t r a l  a n g l e  be- 
tween t h e  LM and t h e  l and ing  s i t e ,  and was n o t  i n c l u d e d  e x p l i c i t l y  
i n  Reference  ( 3 ) .  An equa t ion  f o r  t h i s  a n g l e  i s  g i v e n  i n  Appendix B.  

3 . 0  LOST TIME AND MAXIMUM YAW DEPENDENCE ON MISSION PARAMETERS 

The f a c t o r s  d i s c u s s e d  i n  a q u a l i t a t i v e  manner i n  S e c t i o n  
( 1 . 0 )  w i l l  now be t r e a t e d  q u a n t i t a t i v e l y .  A l l  r e s u l t s  which f o l -  
low were g e n e r a t e d  u s i n g  t h e  s i m u l a t i o n  p rocedure  d e s c r i b e d  i n  
t h e  Appendixes. S i n c e  t h e  parameter m a t r i x  o f  t h e  problem would 
y i e l d  an  i n o r d i n a t e  amount of  data  i f  scanned comple t e ly ,  on ly  
p a r t i c u l a r  pa rame te r  se t s  were s e l e c t e d  f o r  s cann ing .  The v a l u e s  
chosen y i e l d  a set  of  r e s u l t s  which have g e n e r a l  a p p l i c a b i l i t y  
and tend t o  bonfid the pl-oblem. 

3 . 1  L A N D I N G  S I T E  V A R I A T I O N S  

The v a r i a t i o n  o f  S-Band communications i n t e r f e r e n c e  
t i m e  w i t h  changes i n  b o t h  t h e  l a t i t u d e  and l o n g i t u d e  o f  t h e  
l u n a r  l a n d i n g  s i t e  i s  expec ted  from t h e  q u a l i t a t i v e  d i s c u s s i o n  
accompanying F i g u r e  ( 3 ) .  T h i s  v a r i a t i o n  was examined by scann ing  
t h e  p a r t i a l s  aTLOST and f o r  t he  f o l l o w i n g  s e t s  

L A s  1 
of  p a r a m e t e r s  : 
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SITE LONGITUDE: - 4 5 O  5 A S  - < 450 

SITE LATITUDE: 

LIBRATIONS: (pL ,  A L )  = (-6.85O,-7.7Oo), 

us = 00, - +50 

(6.80°, 7.91') 
LANDING AZIMUTH: a = 250°, 270°, 290° 

Equa t ion  ( 2 )  

The r e s u l t s  o f  t h i s  s c a n  are g i v e n  i n  Figures  ( 9 )  t h r o u g h  
( 1 4 ) .  (The p o i n t  d e n s i t y  of these c u r v e s  i s  lo i n  s i t e  l o n g i t u d e ;  

and OMAX i s  de termined  t o  1 0  s e c . ,  OMAX t o  O.lo.) The TLOST T~~~~ 

v a l u e s  f o r  n e g a t i v e  and p o s i t i v e  l a n d i n g  s i t e  l o n g i t u d e s  co r re spond  
t o  LM powered a s c e n t  and d e s c e n t ,  r e s p e c t i v e l y .  I n  no c a s e  
( g i v e n  set o f  parameters) w i l l  communications be  l o s t  on b o t h  LM 
powered d e s c e n t  and a s c e n t  due t o  beam i n t e r f e r e n c e .  

The g e n e r a l  t r e n d  i n  F i g u r e s  (9) t h rough  ( 1 4 ) ,  as ex- 
p e c t e d ,  i s  f o r  b o t h  TLOST 

magnitude of the  l a n d i n g  s i t e  l o n g i t u d e .  Fo r  a b e t t e r  v i s u a l i -  
z a t i o n  o f  these v a r i a t i o n s ,  i s o m e t r i c  summary p l o t s  o f  TLOST are 
i n c l u d e d  i n  F i g u r e s  ( 1 5 )  and ( 1 6 ) .  Because o f  t h e  sun  a n g l e  
s e l e c t i o n  o f  l i b r a t i o n s  t h a t  w a s  ment ioned p r e v i o u s l y ,  F i g u r e s  
( 1 5 )  and ( 1 6 ) s h o u l d  be viewed as be ing  s e p a r a t e d  by s i x  months i n  
l u n a r  l a n d i n g  da te ,  f o r  any g i v e n  s i t e  l o n g i t u d e .  F i g u r e s  ( 9 )  

t o  i n c r e a s e  w i t h  i n c r e a s i n g  and OMAX 

t h r o u g h  ( 1 4 )  i n d i c a t e  t h a t  t h e  wors t -case  TLOST v a l u e s  f o r  d e s c e n t  
and a s c e n t  are 370 and 270 seconds ,  r e s p e c t i v e l y ;  t he  wors t -case  

r e s p e c t i v e l y .  However, one s h o u l d  r e c a l l  t h a t  t h e  l i b r a t i o n  con- 
d i t i o n s  shown a r e  bes t /wors t  f o r  LM d e s c e n t .  The wors t -case  f o r  
LM a s c e n t  w i l l  be shown subsequen t ly  i n  S e c t i o n  ( 3 . 3 ) .  

v a l u e s  i n d i c a t e d  here  are  47O and 33O, f o r  d e s c e n t  and a s c e n t ,    MAX 

The o v e r a l l  t r e n d s  t ha t  are shown i n  F i g u r e s  ( 9 )  t h rough  
( 1 6 )  may be e x p l a i n e d  w i t h  the  a id  o f  F i g u r e  ( 1 7 ) .  The LM d e s c e n t  
t r a j e c t o r y  ground t r a c k s  shown on t h i s  f i g u r e  are f o r  s i t e  l a t i -  
t u d e s  of Oo, f 5 O  and a l a n d i n g  az imuth ,  a, o f  250'. The l a n d i n g  
s i t e  l o n g i t u d e s  i n  ( a )  and ( b )  a r e  approx ima te ly  15' and 30°,  
r e s p e c t i v e l y .  The earth-moon l i n e  p i e r c e s  t h e  s e l e n o g r a p h i c  
sphere a t  p o i n t s  l y i n g  a long  t h e  r e p r e s e n t a t i v e  l u n a r  l i b r a t i o n  
l o c u s  shown i n  F i g u r e  ( l 7a ) .  For  d i s c u s s i o n  p u r p o s e s ,  t h e  a n t e n n a  
a n g l e  coverage  has been approximated by a s t r a i g h t - l i n e  boundary 
i n  F i g u r e s  (17 a & b ) ;  i t  should  a c t u a l l y  be  a curved  i n t e r s e c t i o n  
o f  t h e  s e l e n o g r a p h i c  sphe re  w i t h  t h e  s u r f a c e  formed by t h e  a n t e n n a  
az imuth  coverage  boundar i e s .  The a n t e n n a  e l e v a t i o n  boundary shown 
i n  F i g u r e  ( l 7 c )  i s  e x a c t l y  a l i n e  i n  t h e  LM XB, ZB p l a n e ,  and t h i s  
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boundary e x i s t s  on ly  when t h e  a n t e n n a  az imuth  i s  less t h a n  + 2 O .  
A s  regards beam i n t e r f e r e n c e ,  when the  moon-earth l i n e  l i e s  be- 
low t h e  az imuth  cove rage  s u r f a c e  t h a t  i s  i n d i c a t e d  as a l i n e  i n  
( a )  and ( b ) ,  t h e n  a n t e n n a  t r a c k i n g  and t r a n s m i s s i o n  w i l l  be  
i n t e r r u p t e d .  

A number o f  pa rame te r  e f f e c t s  are e v i d e n t  from F i g u r e  ( 1 7 ) .  
R o t a t i o n  of t h e  ground t r a c k  as t h e  l a n d i n g  az imuth  v a r i e s  w i l l  
change t h e  p l a n e  o f  t h e  exc luded  az imuth  boundary shown, and as t h e  
earth-moon l i n e  passes through t h i s  p l a n e ,  a n  a b r u p t  change i n  t h e  
beam i n t e r f e r e n c e  s i t u a t i o n  w i l l  r e s u l t .  However, when beam i n t e r -  
f e r e n c e  e x i s t s ,  i t s  d u r a t i o n  w i l l  b e  q u i t e  i ndependen t  of  changes 
i n  t h e  l a n d i n g  az imuth ,  and w i l l  l a rge ly  depend on t h e  mot ion  o f  
t h e  LM i n  t h e  p l a n e  o f  F igu re  ( 1 7 ~ ) .  I n  F i g u r e  ( 1 5 ) ,  c e r t a i n  
c o n d i t i o n s  ( e . g . ,  a = 250°, minimum l i b r a t i o n s )  were shown t o  c a u s e  
a non-monotonic v a r i a t i o n  of TLOST w i t h  i n c r e a s i n g  s i t e  l o n g i t u d e ,  
and t h i s  may be e x p l a i n e d  by comparing F i g u r e s  ( 1 7  a & b ) .  The 
s i t e  l o n g i t u d e s  i n  ( a )  and ( b )  a re  approx ima te ly  15' and 3 0 ° ,  
r e s p e c t i v e l y ,  and a l l  ground t r a c k s  are f o r  l a n d i n g  az imuths  l e s s  
t h a n  270'. 
beam i n t e r f e r e n c e  i s  i n d i c a t e d  f o r  "wors t "  l i b r a t i o n s  i n  ( a ) ,  b u t  
n o t  i n  ( b ) .  

f i x e d ,  i t  i s  p o s s i b l e  t h a t  a c e r t a i n  l o n g i t u d e  can be r eached  a t  
which t h e  earth-moon l i n e  l i e s  above t h e  exc luded  az imuth  boundary,  
i n  which c a s e  beam i n t e r f e r e n c e  w i l l  n o t  e x i s t  on LM powered 
d e s c e n t .  Corresponding  diagrams and d i s c u s s i o n s  w i l l  a p p l y  to 
LM powered a s c e n t .  

Note t h a t  f o r  a l a n d i n g  s i t e  on t h e  e q u a t o r  (11, = O"), 

A s  t h e  s i t e  i s  moved eastward, w h i l e  h o l d i n g  ps and a 

The major  e f f e c t s  t h a t  have been shown i n  t h i s  s e c t i o n  
may b e  summarized as f o l l o w s :  

On l u n a r  l a n d i n g  dates  when t h e  l a t i t u d e  l i b r a t i o n s  
are s t r o n g l y  n e g a t i v e ,  t h e  beam i n t e r f e r e n c e  problem 
w i l l  be t h e  most s e v e r e .  

For a f i x e d  LM l a n d i n g  az imuth ,  t he  best  and wors t  
beam i n t e r f e r e n c e  s i t u a t i o n s  f o r  a g i v e n  l a n d i n g  s i t e  
r . r i  1 1 be separated by approx ima te ly  six months.  

When the  LM l a n d i n g  az imuth  i s  n o t  far  from 270°, an  
i n c r e a s e  i n  the magnitude of  t h e  s i t e  l o n g i t u d e  w i l l  
c ause  a monotonic i n c r e a s e  i n  b o t h  TLOST and 4MAX. 

For  a f i x e d  t r a j e c t o r y  p r o f i l e ,  t h e  d u r a t i o n  of  TLOST 
i s  l a r g e l y  a smooth f u n c t i o n  o f  t h e  s i t e  l o n g i t u d e  and 
t h e  l o n g i t u d e  l i b r a t i o n ,  whereas changes i n  t h e  l a n d i n g  
az imuth ,  t h e  s i t e  l a t i t u d e ,  and t h e  l a t i t u d e  l i b r a t i o n  
w i l l  g e n e r a l l y  produce a d i s c o n t i n u o u s  change i n  t h e  
t i m e  l o s t .  
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3 .2  LM LANDING AZIMUTH VARIATION 

Although t h e  curves  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  
i n d i c a t e d  t h a t  v a r i a t i o n s  i n  the  LM l a n d i n g  az imuth  w i l l  markedly 
a f f e c t  S-Band beam i n t e r f e r e n c e ,  these c u r v e s  were o n l y  f o r  c e r t a i n  
d i s c r e t e  az imuths .  T h i s  v a r i a t i o n  w i t h  l a n d i n g  az imuth  was examined 
f u r t h e r  by scann ing  the partials and 

( a Z:OST) 1 
o v e r  a continuum o f  az imuths ,  f o r  t h e  ex t reme range  o f  a l l  parameters. 

A r e p r e s e n t a t i v e  example of t h i s  s c a n  i s  g i v e n  i n  
F i g u r e  (18 ) .  (The p o i n t  d e n s i t y  f o r  t h i s  p l o t  i s  0.5' i n  a.) The 

t u d e s  cor respond t o  LM powered a s c e n t  and d e s c e n t  r e s p e c t i v e l y .  
Note immediately tha t  TLOST i s  a n  a lmost  d i s c o n t i n u o u s  f u n c t i o n  o f  
a: changing the  l a n d i n g  azimuth b u t  1' w i l l  i n  some c a s e s  remove 
beam i n t e r f e r e n c e  e n t i r e l y .  

v a l u e s  f o r  n e g a t i v e  and p o s i t i v e  l a n d i n g  s i t e  l o n g i -  T~~~~ and @MAX 

These cu rves  move outward ( toward  250' or 2 9 0 ' )  as t h e  
s i t e  l a t i t u d e  i s  d e c r e a s e d ,  w i t h  TLOST remain ing  approx ima te ly  un- 
changed, and t h e  r e g i o n  o f  " c l e a r "  az imuths  i n c r e a s i n g .  A s  t h e  
l a t i t u d e  l i b r a t i o n s  are dec reased  toward n e g a t i v e  v a l u e s ,  t h e  
c u r v e s  move up s l i g h t l y ,  and toward each o t h e r  u n t i l  t h e  c a s e  i s  . 

r e a c h e d  where beam i n t e r f e r e n c e  occur s  for a l l  l a n d i n g  az imuths  
between 250' and 2 9 0 ' .  

The e x p l a n a t i o n  o f  t h e s e  e f f e c t s  i s  a ided  by F i g u r e  (lg), 
which shows t h e  same q u a l i t a t i v e  geometry t h a t  was p r e s e n t e d  i n  
F i g u r e  (l7), and i s  redrawn here f o r  c l a r i t y .  Again, t h e  exc luded  
az imuth  boundary l i n e  i s  an approximat ion  t o  t h e  a c t u a l  p r o j e c t i o n .  
A s  t h e  l a n d i n g  az imuth  i s  v a r i e d ,  t h e  exc luded  a n t e n n a  az imuth  
boundary w i l l  v a ry  as shown, w i t h  a d i s c o n t i n u o u s  change i n  t h e  
beam i n t e r f e r e n c e  s i t u a t i o n  o c c u r r i n g  as the  earth-moon l i n e  
passes t h r o u g h  the boundary of azimuth coverage .  One may a l s o  
v i s u a l i z e  t ha t  r o t a t i n g  t h e  LM p o s i t i v e l y  about  i t s  tX, a x i s  
(yawing)  w i l l  r e o r i e n t  the  exc luded  coverage  boundary U n t i l  t h e  

i s  removed. A co r re spond ing  d i s c u s s i o n  may be  deve loped  f o r  LM 
as c e n t .  

m n ~ n - e a r t h  line l i e s  ahr\rrn v L  t h 4  v A A A u  c. h n ? , n A n . n - -  uuuiiuai y , 2nd i n t e r f e r e n c e  

3 . 3  LUNAR LIBRATIONS V A R I A T I O N S  

The p l o t s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n s  i n d i c a t e d  
a l a r g e  v a r i a t i o n  i n  t h e  S-Band communications i n t e r f e r e n c e  t i m e  
when go ing  from t h e  wors t  t o  t h e  bes t  l u n a r  l i b r a t i o n  c o n d i t i o n s .  
T h i s  v a r i a t i o n  w a s  examined f u r t h e r  by scann ing  the  p a r t i a l s  
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o v e r  a continuum o f  

l a t i t u d e  l i b r a t i o n s ,  f o r  extreme c a s e s  o f  t h e  r ema in ing  parameters 
( v i z . ,  l a n d i n g  s i t e ,  l a n d i n g  az imuth ,  and l o n g i t u d e  l i b r a t i o n s ) .  
If one r e t u r n s  t o  F i g u r e  ( 6 ) ,  t h i s  s c a n  o f  l a t i t u d e  l i b r a t i o n s  i s  
s e e n  t o  be  a l o n g  t h e  l e f t  and r i g h t  b o u n d a r i e s  o f  t h e  l i b r a t i o n  
r e g i o n  shown. 

A r e p r e s e n t a t i v e  p l o t  showing t h e  change i n  TLOST and 
w i t h  changes i n  l i b r a t i o n s  i s  g i v e n  i n  F i g u r e  ( 2 0 ) .  Parameter @MAX 

c o n d i t i o n s  are as n o t e d  on t h e  f i g u r e .  The l i b r a t i o n s  here c o v e r  
t h e  wors t  c a s e  f o r  powered ascent ;  as was i n d i c a t e d  i n  F i g u r e  ( 6 ) .  
( T h e  p o i n t  d e n s i t y  i s  lo i n  p L . )  One may n o t e  immedia t e ly  t h a t  
i n  some c a s e s ,  a n  i n c r e a s e  i n  l a t i t u d e  l i b r a t i o n s  from n e g a t i v e  
t o  p o s i t i v e  v a l u e s  w i l l  cause a sha rp  d e c r e a s e  i n  TLOST, w h i l e  i n  
o t h e r  c a s e s ,  beam i n t e r f e r e n c e  w i l l  o c c u r  f o r  a l l  l a t i t u d e  l i b r a t i o n s .  
T h i s  i s  a g e n e r a l  t r e n d  seen f o r  t h e  v a r i o u s  c a s e s  t h a t  were scanned .  
Note t h a t  t h e  wors t - case  $MAX v a l u e  of  perhaps 50" exceeds t h e  
maximum v a l u e  ( o f  33') f o r  powered a s c e n t  t h a t  was i n d i c a t e d  i n  
S e c t i o n  (3.1), when d i s c u s s i n g  l a n d i n g  s i t e  v a r i a t i o n s .  The 
o v e r a l l  wors t - case  v a l u e s  of $MAX f o r  LM powered d e s c e n t  and 
a s c e n t  may now b e  g i v e n  as 47" and 5 0 ° ,  r e s p e c t i v e l y .  The a s c e n t  
v a l u e  i s  s l i g h t l y  g rea te r  because t h e  CSM plaRe change d e c r e a s e s  
t h e  az imuth  o f  t h e  LM a s c e n t  t r a j e c t o r y  s l i g h t l y ,  f o r  a l a n d i n g  
az imuth  of  2 5 0 ° ,  and a s i t e  l a t i t u d e  o f  -5". 

I n  summary, examinat ion  o f  a complete  s e t  of c u r v e s  
s u c h  as t h o s e  g i v e n  i n  F igu re  ( 2 0 )  would i n d i c a t e  t h e  f o l l o w i n g :  

1) For  a f i x e d  l a n d i n g  s i t e  and LM l a n d i n g  az imuth ,  
l a t i t u d e  l i b r a t i o n s  w i l l  d e t e r m i n e  t h e  l a n d i n g  
o p p o r t u n i t i e s  f o r  which beam i n t e r f e r e n c e  w i l l  
o c c u r ,  whereas l o n g i t u d e  l i b r a t i o n s  w i l l  de t e rmine  
t h e  d u r a t i o n  of  such i n t e r f e r e n c e .  

2 )  For  c e r t a i n  l and ing  az imuths ,  i n t e r f e r e n c e  can o c c u r  
f o r  a l l  l a t i t u d e  l i b r a t i o n s  i n  t h e  r ange  -6.86" < 

3 )  T h e  s e n s i t i v i t y  of beam i n t e r f e r e n c e  t o  changes i n  t h e  

< + 6.86",  f o r  l a n d i n g  s i t e s  f a r  E a s t  or f a r  West. pL - 

l a t i t u d e  l i b r a t i o n s  i s  s u c h  t h a t  i n t e r f e r e n c e  c o n d i t i o n s  
c o u l d  d i sappea r  as t h e  l a t i t u d e  l i b r a t i o n s  changed by 
1" ( a  change which can  o c c u r  i n  as l i t t l e  as 1 6  h o u r s ) .  
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4.0 CORRECTIVE YAW VARIATIONS 

R e - o r i e n t a t i o n  of t h e  LM yaw a t t i t u d e  d u r i n g  powered 
d e s c e n t  o r  a s c e n t  w a s  mentioned i n  the  I n t r o d u c t i o n  as a poSs i -  
b l e  s o l u t i o n  to S-Band beam i n t e r f e r e n c e  problems.  The p l o t s  
p r e s e n t e d  i n  S e c t i o n s  (3 .1 )  t h rough  ( 3 . 3 )  gave  o n l y  t h e  maximum 
o f  t h e  a b s o l u t e  v a l u e  of t h e  c o r r e c t i v e  yaw, d e s i g n a t e d  O M A X ,  
where : 

The f o l l o w i n g  s e c t i o n  p r e s e n t s  yaw t i m e  f u n c t i o n s  which w i l l  
remove beam i n t e r f e r e n c e  f o r  p a r t i c u l a r  pa rame te r  c o n d i t i o n s ,  
as w e l l  as a d i s c u s s i o n  of t h e  u t i l i z a t i o n  o f  these f u n c t i o n s .  

4 . 1  YAW TIME HISTORIES 

The f u n c t i o n  g ( t ) ,  ( t h e  minimum yaw r e q u i r e d  t o  r e c o v e r  
communica t ions) ,  was g e n e r a t e d  f o r  t h e  f o l l o w i n g  sets o f  m i s s i o n  
p a r a m e t e r s :  

LANDING SITE: ( u s ,  A , )  = ( + 5 O ,  $45') 

Equa t ion  ( 4 )  LIBRATIONS: ( v L ,  h L )  = (-6.85",  -7 .70°) ,  

( 6 . 8 0 ° ,  7.91")  

LANDING A Z I M U T H :  a = 250', 260°, 270°, 

2 8 0 0 ,  2900 

T h e  r e s u i t s  are  p l o t t e d  i n  F i g u r e s  ( 2 1 )  t h rough  ( 2 4 ) .  (The p o i n t  
d e n s i t y  of these p l o t s  i s  1 0  s e c .  i n  t i m e ;  $ ( t )  was de te rmined  t o  
0.1'). The small jump seen a t  238.2 seconds  for LM d e s c e n t  i s  
due t o  a gu idance  r e - t a r g e t i n g  i n  r o l l  t h a t  was i n c l u d e d  i n  t h e  
t r a j e c t o r y  data used .  The r e q u i r e d  yaw d e c r e a s e s  s lowly  d u r i n g  
powered d e s c e n t  u n t i l  t h e  sha rp  d rop  which c o r r e s p o n d s  t o  c r o s s i n g  
t h e  -30" a n t e n n a  e l e v a t i o n  c o n s t r a i n t .  Cor re spond ing ly ,  t h e  yaw 
r e q u i r e d  on powered a s c e n t  b e g i n s  @Bmgly--as~ the -k2lOP antenna 
e l e v a t i o n  c o n s t r a i n t  i s  crossed,  and c o n t i n u e s  t o  i n c r e a s e  s l o w l y  
u n t i l  APS c u t o f f ,  a t  which t i m e  a p i t c h  r e - o r i e n t a t i o n  w i l l  be 
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permiss ib le  f o r  m a i n t a i n i n g  communications.  A f u r t h e r  explana-  
t i o n  o f  t h e  shape o f  these  c u r v e s  i s  i n c l u d e d  i n  t h e  d i s c u s s i o n  
o f  a n t e n n a  a n g l e  t i m e  h i s t o r i e s  i n  S e c t i o n  ( 5 . 3 ) .  

4 .2  PROBLEMS ASSOCIATED WITH YAWING THE LM 

S i n c e  r e - o r i e n t a t i o n  o f  t h e  LM yaw a t t i t u d e  i s  t o  be 
c o n s i d e r e d  as a p o s s i b l e  s o l u t i o n  t o  S-Band beam i n t e r f e r e n c e ,  
i t  w i l l  be w e l l  t o  ment ion some of t h e  problems and c o n s t r a i n t s  
a s s o c i a t e d  w i t h  r e - o r i e n t i n g  t h e  LM about  i t s  t h r u s t  a x i s  
(yawing) .  These may be l i s t e d  as f o l l o w s :  

1) Landing radar i n t e r f e r e n c e  d u r i n g  LM d e s c e n t  

2 )  Manual c o n t r o l  d u r i n g  au tomat i c  t h r u s t i n g  

3 )  RCS f u e l  c o n s e r v a t i o n  

4 )  R e - o r i e n t a t i o n  of i n e r t i a  p r o p e r t i e s  

5)  Descent e n g i n e  g i m b a l l i n g  

6 )  Ascent e n g i n e  t h r u s t  l i n e  o r i e n t a t i o n  

Problems a s s o c i a t e d  w i t h  t h e  l a n d i n g  radar  i n t e r f a c e  are d i s c u s s e d  
i n  a subsequent  s e c t i o n ;  t h e  remain ing  c o n s t r a i n t s  are d i s c u s s e d  
below. 

MANUAL CONTROL D U R I N G  AUTOMATIC THRUSTING 

The LM a t t i t u d e  i s  c o n t r o l l e d  manual ly  b y  e i t h e r  t h e  
LM commander or t h e  LM p i l o t  t h rough  t h e  ACA ( A t t i t u d e  C o n t r o l l e r  
Assembly) and i s  moni tored  by viewing t h e  FDA1 ( F l i g h t  D i r e c t o r  
A t t i t u d e  I n d i c a t o r  - 118-~a1111) .  It i s  expec ted  t h a t  d u r i n g  
Hohmann c o a s t ,  t h e  LM w i l l  have been p u t  i n  t h e  p r o p e r  a t t i t u d e  
t o  m a i n t a i n  con t inuous  S-Band communications w i t h  E a r t h  v i a  t h e  
s t e e r a b l e  an tenna ,  (manual ea r th  a c q u i s i t i o n ) .  Upon i n i t i a t i o n  of 
DPS au tomat i c  t h r u s t i n g ,  t h e r e f o r e ,  t h e  LM w i l l  be  o r i e n t e d  i n  
yaw a t  some a n g l e  e q u a l  t o  o r  g r e a t e r  t h a n  $MAX. A t t i t u d e  n o i d  
would be  ma in ta ined  d u r i n g  DPS i g n i t i o n .  A manual a t t i t u d e  
maneuver back t o  z e r o  yaw cou ld  be  performed e i t h e r  i n  s teps  a t  
v a r i o u s  a l t i t u d e s  o r  e n t i r e l y  a t  t h e  a l t i t u d e  a t  which no yaw 
i s  r e q u i r e d .  The DPS t h r o t t l e  s e t t i n g  would of c o u r s e  be  main- 
t a i n e d  i n  t h e  au tomat i c  mode. A minimum of  d i s t u r b a n c e  t o  au to -  
m a t i c  t h r u s t i n g  and a t t i t u d e  c o n t r o l  would r e s u l t  i f  t h e  a t t i t u d e  
r a t e  due t o  manual c o n t r o l  were s m a l l ,  e . g . ,  l e s s  t h a n  1° / sec .  
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With t h e  mode o f  manual a t t i t u d e  c o n t r o l  b e i n g  r a t e  command w i t h  
a t t i t u d e  h o l d ,  a minimum of p i l o t  a t t e n t i o n  would b e  d i v e r t e d  t o  
t h i s  t ask .  S i m i l i a r  p rocedures  cou ld  be implemented f o r  powered 
a s c e n t .  

RCS FUEL CONSERVATION 

The + ( t )  c u r v e s  p r e s e n t e d  i n  S e c t i o n  ( 4 . 1 )  i n d i c a t e d  
t h a t ,  i n  many c a s e s ,  t h e  yaw r e q u i r e d  does  n o t  v a r y  g r e a t l y  o v e r  
t h e  r e q u i r e d  t i m e  i n t e r v a l .  I n  t h e  i n t e r e s t  o f  min imiz ing  
a t t i t u d e  changes and t h e  r e s u l t i n g  RCS f u e l  u s a g e ,  these f u n c t i o n s  
c o u l d  be r e p l a c e d  b y  s t e p  f u n c t i o n s  of  magni tude  +MAX, t h e r e b y  

r e q u i r i n g  on ly  one a t t i t u d e  change.  Only i n  t h e  c a s e  o f  p o s s i b l e  
l a n d i n g  radar s i g n a l  d e g r a d a t i o n  a t  +MAX would one c o n s i d e r  
u t i l i z i n g  t h e  e x a c t  $ ( t )  f u n c t i o n .  

RE-ORIENTATION OF INERTIA PROPERTIES 

Yawing t h e  LM about  i t s  t h r u s t  a x i s  w i l l  c a u s e  t h e  
r e s p o n s e  t o  p i t c h i n g  i n  t h e  t r a j e c t o r y  p l a n e  t o  v a r y  a c c o r d i n g  
t o  t h e  e x t e n t  o f  such  yaw. S i n c e  a u t o m a t i c  t h r u s t i n g  c o n t r o l  
w i l l  be  mos t ly  th rough  p i t c h  r e - o r i e n t a t i o n ,  i t  i s  w e l l  t o  con- 
s i d e r  t h i s  v a r i a t i o n .  The moment o f  i n e r t i a  i n  p i t c h  w i l l  
t r a n s f o r m  as f o l l o w s ,  where $I i s  t h e  yaw e x c u r s i o n  from z e r o .  

Equa t ion  ( 5 )  
2 SIN 4 t 21pz COS @ SIN (I 2 Ip - - Iyy cos Q t IZZ 

T h i s  moment of  i n e r t i a  i s  p l o t t e d  as a f u n c t i o n  o f  yaw i n  F i g u r e  
( 2 5 ) ,  f o r  v a r i o u s  i n e r t i a  c o n d i t i o n s  d u r i n g  a l u n a r  m i s s i o n .  
(Data from Refe rence  5 ) .  From t h i s  f i g u r e ,  one may n o t e  t h a t  
i n  t h e  t i m e  between t h e  Braking and Hover phases of  LM d e s c e n t ,  
d e v i a t i o n  from z e r o  yaw w i l l  n o t  g r e a t l y  a f f e c t  t h e  LM p i t c h i n g  
moment o f  i n e r t i a .  For  LM d e s c e n t ,  t h e  i n e r t i a  changes due t o  
f u e l  consumption w i l l  cause  a much grea te r  v a r i a t i o n  i n  p i t c h  
r e s p o n s e  t h a n  any yaw maneuver would cause .  

However, d u r i n g  LM a s c e n t ,  t h e  r e v e r s e  i s  t r u e :  f o r  
LM a s c e n t  i n e r t i a  c o n d i t i o n s ,  yawing w i l l  change t h e  LM p i t c h  
r e s p o n s e  more t h a n  t h e  nominal i n e r t i a  changes a t  z e r o  yaw. S i n c e  
t h e  LM i n e r t i a s  are markedly d i f f e r e n - c  d u r i n g  powered d e s c e n t  
and a s c e n t ,  t h e  c o n s t a n t  RCS t o r q u e s  w i l l  c ause  t h e  a t t i t u d e  
c o n t r o l  r e s p o n s e  ra tes  on a s c e n t  t o  be  h i g h e r  t h a n  on d e s c e n t .  
Compared t o  t h i s  e f f e c t ,  t h e  change i n  p i t c h  r e s p o n s e  due t o  
yawing i s  a secondary  c o n s i d e r a t i o n .  
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I .  

R e o r i e n t i n g  t h e  LM abou t  i t s  t h r u s t  a x i s  i s  n o t  
s t r i c t l y  t h e  same as yawing abou t  t h e  +XB a x i s ,  because  o f  
d e s c e n t  e n g i n e  g i m b a l l i n g .  The DPS (Descent  P r o p u l s i o n  System) 
g imbal  and gimbal-rate l i m i t s  a re  - + 6 O  and 0.2O/sec. ,  r e s p e c -  
t i v e l y .  (Refe rence  4 ) .  However, t h e  a c t u a l  g imbal  a n g l e s  
e x p e r i e n c e d  by  t h e  e n g i n e  d u r i n g  a u t o m a t i c  t h r u s t i n g  c o n t r o l  
from Braking  t o  High Gate ( t h e  p e r i o d  d u r i n g  which such  a yaw 
would be  per formed)  shou ld  be q u i t e  small ,  s i n c e  t h e  c . g .  
d e v i a t i o n  from t h e  LM +XB a x i s  w i l l  b e  0 . 3  i n  or l ess  d u r i n g  
t h i s  t ime i n t e r v a l .  (Reference  5 ) .  T h e r e f o r e ,  yawing a t  a 
low r a t e  s h o u l d  have on ly  a small e f f e c t  on LM c o n t r o l  and 
f u e l  consumption d u r i n g  powered d e s c e n t .  

ASCENT ENGINE THRUST LINE O R I E N T A T I O N  

I n  o r d e r  t o  compensate f o r  moments produced by c . g .  
changes d u r i n g  a s c e n t ,  t h e  ungimbaled LM Ascent P r o p u l s i o n  
System w i l l  b e  mounted s o  t h a t  i t s  t h r u s t  l i n e  goes  t h r o u g h  a n  
a v e r a g e  c . g .  p o s i t i o n .  From t h e  data  of  Refe rence  5 ,  i t  may 
b e  shown tha t  t h e  maximum a n g l e  between the  t h r u s t  v e c t o r  
and  t h e  LM +XB a x i s  would b e  3 0 4 0 t ,  because  of eng ine  mounting.  
The r e s u l t a n t  p r e c e s s i n g  of t h e  t h r u s t  v e c t o r  about  t h e  +XB 

a x i s  when yawing t h e  LM should  have o n l y  a s m a l l  t r a n s i e n t  e f f e c t  
on a t t i t u d e  and t h r u s t i n g  c o n t r o l .  

For  t h e  r e a s o n s  g i v e n ,  none o f  t h e  above mentioned 
f a c t o r s  a p p e a r s  t o  b e  s o  r e s t r i c t i v e  as t o  p r e c l u d e  a yaw s o l u -  
t i o n  t o  S-Band beam i n t e r f e r e n c e .  

5 . 0  ANTENNA ANGLE LOCI 

D i s c u s s i o n s  i n c l u d e d  i n  t h e  p r e v i o u s  s e c t i o n s  have 
i n d i c a t e d  t h a t  S-Band beam i n t e r f e r e n c e  d u r i n g  LM powered 
d e s c e n t  and a s c e n t  i s  caused by t he  s teerable  an tenna  hav ing  
t o  l o o k  t h r o u g h  c e r t a i n  exc luded  areas o f  a n t e n n a  coverage  i n  
o r d e r  to t r a c k  t h e  E a ~ t h .  T h i s  i s  shown e x p l i c i t l y  by t h e  
a n t e n n a  a n g l e  t i m e  h i s t o r i e s  which are p r e s e n t e d  i n  t he  s e c t i o n  
which f o l l o w s .  D e f i n i t i o n s  o f  t h e  a n t e n n a  e l e v a t i o n  and az imuth  
a n g l e s  i n d i c a t e d  i n  these p l o t s  were g i v e n  i n  F i g u r e  ( 2 ) ;  
e x c l u d e d  cove rage  i s  d i s c u s s e d  i n  Appendix C .  

5 . 1  UNCORRECTED ANTENNA L O C I  

F i g u r e s  ( 2 6 )  th rough ( 2 9 )  p r e s e n t  p l o t s  o f  u n c o r r e c t e d  
( z e r o  yaw, " face-out"  d u r i n g  d e s c e n t  , "face-down" d u r i n g  a s c e n t )  
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a n t e n n a  a n g l e  l o c i  f o r  t h e  f o l l o w i n g  pa rame te r  cases: 

Equa t ion  ( 6 )  

Landing S i t e :  (us, A s )  = (+5O, 545O) 

( Landing Azimuth: a = 250°, 270°, 290° 

The l o c u s  p l o t s  f o r  powered d e s c e n t  ( e a s t e r n  s i t e s )  beg in  a t  
i n i t i a t i o n  o f  Braking,  and t h o s e  f o r  powered a s c e n t  beg in  a t  32 
seconds  a f t e r  LM l i f t o f f .  T i m e  i s  i n d i c a t e d  a t  approximate ly  
eve ry  1 0 0  seconds  a long  each l o c u s .  Those par ts  of  t h e  LM 
which cause  beam i n t e r f e r e n c e  f o r  any p a r t i c u l a r  l o c u s  may be 
i d e n t i f i e d  by comparing t h e s e  p l o t s  w i t h  t h e  o v e r a l l  exc luded  
coverage  p l o t  g i v e n  i n  Appendix C .  

The a n t e n n a  angle  l o c i  shown i n  F i g u r e s  ( 2 6 )  t h rough  
( 2 9 )  are n e a r l y  s t r a i g h t  l i n e s ,  and would be  e x a c t l y  s o  i f  t h e  
p i l o t - r o l l  a n g l e ,  6, was c o n s t a n t  a t  180° f o r  LM d e s c e n t  and 
a s c e n t .  T h i s  may be exp la ined  as f o l l o w s :  D i s rega rd ing  p a r a l l a x ,  
the  ear th  p o s i t i o n  v e c t o r  forms an e s s e n t i a l l y  c o n s t a n t  a n g l e  
w i t h  r e s p e c t  t o  t h e  CSM park ing  o r b i t  p l a n e  and t h e r e f o r e ,  t h e  
p l a n e  of  t h e  LM t r a j e c t o r y .  The p l a n e  of  t h e  LM t r a j e c t o r y ,  how- 
e v e r ,  i s  t h e  same as t h e  LM XB,  ZB p l a n e ,  when B = 180'. 
f e r r i n g  t o  F i g u r e  (2a ) ,  one may r e c a l l  t h a t  t h e  an tenna  azimuth 
i s  a l w a y s  measured from the  LM XB,  ZB p l a n e .  T h e r e f o r e ,  as t h e  

LM p i t c h e s  o v e r  d u r i n g  e i t h e r  d e s c e n t  o r  a s c e n t ,  t he  e a r t h  p o s i -  
t i o n  vec to r 'makes  
e f f e c t i n g  no change i n  t h e  an tenna  az imuth .  

R e -  

a cons t an t  a n g l e  w i t h  t h e  LM XB, ZB p l a n e ,  .I 

5.2 CORRECTED ANTENNA L O C I  

I f  t h e  LM i s  r e o r i e n t e d  i n  yaw th rough  t h e  minimum 
a n g l e  r e q u i r e d  t o  c o r r e c t  f o r  beam i n t e r f e r e n c e ,  the  an tenna  
a n g l e  l o c u s  w i l l  be modified as i n  F i g u r e  (3Oa),  f o r  example.  
The yaw t i m e  f u n c t i o n ,  ~$ ( t ) ,  which e f f e c t s  such  a l o c u s  f o r  t he  
i n d i c a t e d  parameter c o n d i t i o n s  was g i v e n  i n  F igu re  ( 2 1 ) .  The 
yaw a n g l e  i s  determined at 0.lo, c a u s i n g  t h e  an tenna  t o  t r a c k  
a l o n g  the  exc luded  azimuth boundary. 

A l so  i n c l u d e d ,  i n  F i g u r e  ( 3 0 b ) ,  i s  an  an tenna  a n g l e  
l o c u s  f o r  h o l d i n g  cons t an t  maximum yaw rather  t h a n  t h e  a c t u a l  
$ ( t )  f u n c t i o n .  
c o n d i t i o n s  i n d i c a t e d ,  a s  may be  v e r i f i e d  by r e f e r r i n g  t o  F i g u r e  ( 2 1 ) .  

The yaw angle i s  $MAX = 23.2' f o r  t h e  parameter 
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5 . 3  ANTENNA ANGLE YAW L O C I  

I n  o r d e r  t o  i n d i c a t e  t h e  e f f e c t  o f  yawing from a " f a c e -  
down" (180" yaw) t o  a " face-out"  ( 0 "  yaw) a t t i t u d e  f o l l o w i n g  a 
p e r i o d  of s u r f a c e  viewing d u r i n g  d e s c e n t ,  t h e  c u r v e s  of  F i g u r e  
(31) are i n c l u d e d .  Three separate yaw l o c u s  p l o t s  are shown. 
The c l o s e d  cu rve  i n  t h e  c e n t e r  of  t h e  f i g u r e  e s t ab l i shes  r e g i o n s  
o f  g i m b a l  s t o p  e n c o u n t e r :  For  a l l  i n i t i a l  a n t e n n a  o r i e n t a t i o n s  
which co r re spond  t o  p o i n t s  l y i n g  o u t s i d e  t h i s  r e g i o n ,  a 180" yaw 
w i l l  a l w a y s  cause  gimbal s t o p  e n c o u n t e r .  The r ema in ing  l o c i  
show t h e  e f f e c t  of yawing t h r o u g h  180" when t h e r e  i s  e i t h e r  a 
c l e a r  or obscured  l i n e - o f - s i g h t  t o  E a r t h  when a t  z e r o  yaw.  For  
e a c h  o f  t h e  t h ree  l o c u s  p l o t s ,  t h e  LM i s  h e l d  a t  a f i x e d  p o i n t  
on t h e  d e s c e n t  t r a j e c t o r y  w i t h  no motion i n  e i t h e r  p i t c h  or 
roll ( s t a t i c  LM).  Yaw a n g l e s  are i n d i c a t e d  eve ry  20" from 0" 
t o  3 6 0 " .  

The d o t t e d  l i n e s  i n  F i g u r e  (31 )  which connec t  p o i n t s  
a t  0" and 180" yaw emphas ize  t h e  " r e f l e c t i o n "  of  t h e  a n t e n n a  
c o o r d i n a t e s  about  t h e  +XB a x i s .  A s  regards beam i n t e r f e r e n c e ,  
t h i s  f i g u r e  shou ld  i n d i c a t e  t o  t h e  reader  t h a t ,  f o r  eve ry  c a s e  
where the  an tenna  e l e v a t i o n  a t  z e r o  yaw i s  less  t h a n  -30" and 
no beam i n t e r f e r e n c e  i s  encoun te red ,  a 180" yaw w i l l  c ause  beam 
i n t e r f e r e n c e .  Converse ly ,  whenever beam i n t e r f e r e n c e  o c c u r s  a t  
z e r o  yaw w i t h  t h e  a n t e n n a  az imuth  l e s s  t h a n  - 2 O ,  a 180" yaw 
w i l l  remove beam i n t e r f e r e n c e ,  a l t h o u g h  t h e r e  w i l l  be l o s s e s  
due t o  g imbal  s t o p  encoun te r  and e a r t h  r e - a c q u i s i t i o n  t i m e .  
F i n a l l y ,  i f  t h e  i n i t i a l  an t enna  az imuth  a t  z e r o  yaw i s  between 
-2' and t2" when t h e  i n i t i a l  e l e v a t i o n  i s  l e s s  t h a n  -30' or 
g r e a t e r  t h a n  t21Oo,  t h e n  beam i n t e r f e r e n c e  w i l l  o c c u r  a t  b o t h  
O o  and 180" yaw. 

The p l o t s  o f  F i g u r e  ( 3 1 )  a l s o  a f f o r d  a n  e x p l a n a t i o n  
f o r  t h e  p a r t i c u l a r  shape of t h e  yaw t i m e  f u n c t i o n ,  ~ $ ( t ) ,  which 
was show i n  the f i g u r e s  p r e s e n t e d  i n  S e c t i o n  (4.01. T h e  two 
c u r v e s  on  the l e f t  o f  F i g u r e  (31) show that the change i n  an- 
t e n n a  az imuth  when yawing tEvough a g i v e n  a n g l e  (e.g. ,  20") 
will i n c r e a s e  as the antenna e l e v a t z o n  i n c r e a s e s  between - 7 5 O  
and 0". T h e r e f o r e ,  d u r i n g  powered d e s c e n t  t o  eastern l a n d i n g  
s i t e s  when t h e  antenna i s  tracking through negative a n t e n n a  
e l e v a t i o n s  toward Oo e l e v a t i o n ,  t h e  yaw d e v i a t i o n  r e q u i r e d  t o  
e f f e c t  t he  same change i n  an tenna  az imuth  w i l l  d e c r e a s e  w i t h  
t i m e .  A cor re spond ing  d i s c u s s i o n  would e x p l a i n  why t he  r e q u i r e d  
yaw w i l l  i n c r e a s e  d u r i n g  powered a s c e n t  from w e s t e r n  s i tes  when 
a n t e n n a  e l e v a t i o n s  are i n c r e a s i n g  f rom 180" toward 2 5 5 " .  

I n  summary, t h e  f o l l o w i n g  may b e  s ta ted conce rn ing  
S-Band a n t e n n a  t r a c k i n g  d u r i n g  LM d e s c e n t  and a s c e n t :  
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If t h e  l u n a r  s u r f a c e  i s  viewed between Braking  and 
l a n d i n g  radar d isp lay-da ta  a c q u i s i t i o n  a t  30,000 f t . ,  
t h e n  t h e  r e q u i r e d  180" yaw maneuver w i l l  i n  many c a s e s  
r e s u l t  i n  S-Band a n t e n n a  gimbal s t o p  e n c o u n t e r .  The 
beam i n t e r f e r e n c e  s i t u a t i o n  at  e i the r  0" o r  180" yaw 
d u r i n g  powered descen t  cannot  be  de te rmined  u n t i l  t h e  
l a n d i n g  s i t e ,  t h e  l a n d i n g  date, t h e  t r a j e c t o r y  p l a n e ,  
and t h e  t r a j e c t o r y  and a t t i t u d e  p r o f i l e s  have been 
s p e c i f i e d .  

D i r e c t  s u r f a c e  viewing ( v e r t i c a l  l i n e - o f - s i g h t  t o  
ground t r a c k )  w i l l  no t  be  p o s s i b l e  f o r  a l l  c a s e s  i f  
con t inuous  communications are t o  be m a i n t a i n e d .  A 
d e v i a t i o n  of up t o  - 4 7 O ,  i . e . ,  a yaw a t t i t u d e  o f  1 3 3 O ,  
w i l l  be  r e q u i r e d  i n  t h e  wors t  c a s e  w h i l e  s u r f a c e  view- 
i n g  i s  b e i n g  performed.  I n  a d d i t i o n ,  t h e  LM may n o t  
a lways  be r e t u r n e d  t o  a z e r o  yaw a t t i t u d e  f o l l o w i n g  
s u r f a c e  v iewing ,  b u t  may have t o  be r e t u r n e d  t o  a 
non-zero yaw a t t i t u d e  i f  communications are t o  be 
ma in ta ined .  

For  a wors t -case  l a n d i n g  az imuth ,  s i t e  l a t i t u d e ,  and 
l i b r a t i o n  c o n d i t i o n s ,  i t  may be shown, u s i n g  F i g u r e  
(3l), tha t  i f  t h e  l a n d i n g  s i t e  i s  l o c a t e d  between 
-4" and -45" (West l o n g i t u d e ) ,  t h e n  yawing th rough  
180" a t  300 seconds from Braking ( i . e . ,  s t a r t i n g  a t  a n  
a l t i t u d e  o f  32,500 f t . )  may be  done w i t h o u t  g imbal  
s t o p  e n c o u n t e r .  

I n  c a s e s  o f  g i m b a l  s t o p  e n c o u n t e r ,  i t  w i l l  be  h i g h l y  
des i rab le  f o r  t h e  crew t o  c a r r y  onboard a c h a r t  
( l i k e  F i g u r e  31) which w i l l  e n a b l e  q u i c k  manual E a r t h  
r e a c q u i s i t i o n  fo l lowing  a 180" yaw. Yawing a t  2" /sec .  
a t  an  a l t i t u d e  of 30 ,000  f t . ,  f o r  example,  would cause  
about  20 seconds o f  communications l o s s  due t o  g i m b a l  
s t o p  e n c o u n t e r  i f  the  an tenna  were p r o p e r l y  r e p o s i t i o n e d  
u s i n g  c h a r t s  wh i l e  o u t s i d e  t h e  g imbal  l i m i t s .  

6 . 0  L A N D I N G  RADAR INTERFACE 

A s  mentioned i n  t h e  I n t r o d u c t i o n ,  i t  w i l l  be d e s i r a b l e  
t o  o b t a i n  a l a n d i n g  radar measurement o f  t he  LM a l t i t u d e  above 
t h e  l u n a r  s u r f a c e  as ear ly  i n  t h e  d e s c e n t  t r a j e c t o r y  as p o s s i b l e .  
Because r e o r i e n t a t i o n  o f  t h e  LM yaw a t t i t u d e  might i n t e r f e r e  w i t h  
such  a measurement, o r  even w i t h  radar s t a t e - v e c t o r  u p d a t e s ,  i t  
i s  i m p o r t a n t  t o  c o n s i d e r  l a n d i n g  radar o p e r a t i o n s  when d i s c u s s i n g  
s o l u t i o n s  t o  t h e  S-Band i n t e r f e r e n c e  problem. Some s a l i e n t  de- 
t a i l s  o f  t h e  l a n d i n g  radar s y s t e m  w i l l  be g i v e n  f i r s t ,  fo l lowed  
by a d i s c u s s i o n  o f  yawing e f f e c t s .  
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6 . 1  RADAR CHECKOUT & OUTPUT WEIGHTING 

F i g u r e  ( 3 2 )  i n d i c a t e s  t h e  l a n d i n g  radar beam d e s i g n a t i o n  
and d e p i c t s  t h e  two an tenna  t i l t  p o s i t i o n s  which a re  a v a i l a b l e .  
( A s  p e r  c u r r e n t  d e s i g n  c o n s i d e r a t i o n s ,  Reference  6 )  I n  p o s i t i o n  
no.  1, t h e  group c e n t e r l i n e  o f  t h e  beam p a t t e r n  i s  i n c l i n e d  
approx ima te ly  2 4 O  t o  t h e  LM + X a x i s .  T h i s  p o s i t i o n  p r o v e s  t o  
p r o v i d e  f o r  a minimum of beam d8opouts  when t h e  r ange  o f  p i t c h  
a n g l e s  e x p e r i e n c e d  by  t h e  LM from Braking  t o  High Gate i s  con- 
s idered .  (Refe rence  6 )  P o s i t i o n  no .  2 w i l l  be u t i l i z e d  f rom 
High Gate t o  touchdown, and i s  n o t  o f  concern  here .  

The beams l a b e l l e d  1, 2 ,  and 3 i n  F i g u r e  ( 3 2 )  are  ve lo -  
c i t y  beams; beam "A" i s  t h e  radar a l t imeter  beam. I n  o r d e r  t o  
a v o i d  s p u r i o u s  r e f l e c t i o n s  from t h e  a f t  l a n d i n g  pad ,  t h e  beam 
p a t t e r n  has been incl ined-6O t o  t h e  LM XB, Zg p l a n e  (Refe rence  8 ) .  
That i s ,  t h e  a n g l e  between beam "A" and t h e  XB,  ZB p l a n e  i s  approx-  
i m a t e l y  6 O ,  i n  t h e  s e n s e  of n e g a t i v e  r o t a t i o n  about  t h e  +% a x i s .  
B e a m s  1 and 2 are s e p a r a t e d  from t h e  a l t imeter  beam by approx ima te ly  
13.5O, s o  t ha t  beam 1 i s  i n c l i n e d  t o  t h e  XB, ZB p l a n e  by abou t  
7 .5" .  The LM i s  shown a t  a z e r o  yaw a t t i t u d e  i n  F i g u r e  ( 3 2 ) .  Note 
t ha t  r e o r i e n t i n g  the  LM about  the XB a x i s  t h rough  a p o s i t i v e  yaw 
w i l l  degrade the  r e t u r n  on beam no.  1 b u t  w i l l  f i rs t  improve and 
t h e n  degrade t h e  r e t u r n  on beam no.  2 and t h e  a l t imeter  beam, de- 
pend ing  on t h e  e x t e n t  o f  such  r e o r i e n t a t i o n .  (Assuming a f l a t  
l u n a r  s u r f a c e . )  Note tha t  beam no.  3 w i l l  be  g i v i n g  a low r e t u r n  
s i g n a l  f o r  t h e  i n i t i a l  p o r t i o n  o f  powered d e s c e n t ,  when t h e  LM 
p i t c h  a n g l e s  are smal l .  

L A N D I N G  RADAR CHECKOUT 

The l a n d i n g  radar c i r c u i t r y  may b e  checked o u t  by means 
o f  a s e l f - t e s t  a r rangement ,  w i t h o u t  any r e t u r n  s i g n a l s  r e c e i v e d  
by i t s  a n t e n n a .  (Reference  9 )  T h i s  i s  done by f e e d i n g  s i g n a l s  
o f  known f r equency  i n t o  t h e  same p re -ampl i f i e r s  and subsequen t  
c i r c u i t s  which p r o c e s s  a c t u a l  r e t u r n  s i g n a l s .  A c e r t a i n  a l t i t u d e ,  
a l t i t u d e  r a t e ,  and forward  and l a t e r a l  v e l o c i t y  s h o u l d  t h e n  appear 
on t h e  LM c n n t m l  panels .  T h i s  check i s  b e s t  d ~ r , e  wher, ne signals 
are b e i n g  r e c e i v e d  by t he  a n t e n n a ,  and i s  schedu led  t o  be p e r -  
formed b e f o r e  o r  d u r i n g  Hohmann d e s c e n t  on t h e  l u n a r  m i s s i o n .  

When r e t u r n  s i g n a l  s t r e n g t h  i s  s u f f i c i e n t ,  t h e  LM com- 
mand p i l o t  may t h e n  check the radar o u t p u t  a g a i n s t  t h e  PGNCS 
( P r i m a r y  Guidance,  Nav iga t ion ,  and C o n t r o l  Sys tem)  and t h e  AGS 
(Abor t  Guidance Sys tem) ,  by d i s p l a y i n g  a l t i t u d e  o r  a l t i t u d e  r a t e  
as w e l l  as forward  and l a t e r a l  v e l o c i t i e s .  (Re fe rence  9 )  When 
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t h e  LM i s  a t  o t h e r  t h a n  90' p i t c h  a n g l e ,  t h e  r a d a r  d i s p l a y  i n f o r -  
ma t ion  w i l l  n o t  compare e x a c t l y  w i t h  t h e  PGNCS or AGS i n f o r m a t i o n .  
A c o s i n e  15' c o r r e c t i o n  has been i n c l u d e d  t o  p r o v i d e  a n  a v e r a g e  
compensat ion f o r  t h i s  d i f f e r e n c e  i n  d i s p l a y e d  da ta .  (Refe rence  6 )  

A s  r e g a r d s  a t t i t u d e  r e o r i e n t a t i o n  f o r  S-Band communi- 
c a t i o n s ,  t h e  i n c l u s i o n  o f  t h e  s e l f - c h e c k  sys tem s h o u l d  remove 
any s t r i c t  r equ i r emen t  f o r  a long  checkout  p e r i o d  o f  o b s e r v i n g  
a c t u a l  l a n d i n g  radar  r e t u r n  s i g n a l s  p r i o r  t o  u p d a t i n g .  However, 
i t  w i l l  be  h i g h l y  des i r ab le  t o  have obse rved  some d i s p l a y  d a t a  
p r i o r  t o  t h e  i n i t i a t i o n  of s t a t e  v e c t o r  u p d a t i n g  a t  2 5 , 0 0 0  f t .  
The p e r i o d  of t i m e  from 30 ,000  f t .  t o  25,000 f t . ,  f o r  example,  
would l e a v e  approx ima te ly  25 seconds  f o r  d i s p l a y  da t a  o b s e r v a t i o n s .  

UPDATE W E I G H T I N G  AND DATA ACQUISITION 

Landing r a d a r  measurements o f  LM a l t i t u d e  and v e l o c i t y  
w i l l  b e  weighted  i n t o  n a v i g a t i o n  e s t i m a t e s  o f  t h e  LM s t a t e  v e c t o r  
i n  o r d e r  t o  improve t h e  e s t i m a t e s  and t o  c o r r e c t  for unknowns i n  
l u n a r  t e r r a i n .  It i s  c u r r e n t l y  p lanned  t h a t  t h e  a l t i t u d e  and 
v e l o c i t y  w e i g h t i n g  f u n c t i o n s  w i l l  be  s t o r e d  i n  t h e  LM onboard 
computer as uncoupled l i n e a r i z e d  f u n c t i o n s  o f  LM a l t i t u d e  and 
t o t a l  v e l o c i t y ,  r e s p e c t i v e l y .  According t o  Refe rence  1 0 ,  a l t i t u d e  
u p d a t i n g  w i l l  b e g i n  when t h e  t o t a l  v e l o c i t y  has d e c r e a s e d  t o  
1500 f p s .  The l a t e s t  an tenna  p o s i t i o n  d e s i g n  ( 2 4 O )  w i l l  n o t  
p e r m i t  a l t i t u d e  data  a c q u i s i t i o n  above 26,000 f t . ,  o r  v e l o c i t y  
data a c q u i s i t i o n  above 1 5 , 0 0 0  f t . ,  f o r  a zero yaw a t t i t u d e .  
(Refe rence  6 )  From Reference 3, t h e  LM w i l l  b e  a t  a l t i t u d e s  o f  
25,000 and 15,000 f t .  a t  340 and 410  seconds  from t h e  i n i t i a t i o n  
o f  Braking ,  r e s p e c t i v e l y .  S i n c e  i t  has been shown t h a t ,  i n  t h e  
wors t  c a s e ,  beam i n t e r f e r e n c e  a t  z e r o  yaw cou ld  e x i s t  d u r i n g  t h e  
f i r s t  370 seconds  o f  powered d e s c e n t ,  t h e r e  c o u l d  be an  i n t e r f a c e  
between yaw c o r r e c t i o n  f o r  communications pu rposes  and a l t i t u d e  
u p d a t i n g  a t  340 seconds .  With v e l o c i t y  da ta  a c q u i s i t i o n  a t  4 1 0  
s econds ,  there  w i l l  be no i n t e r f a c e  w i t h  v e l o c i t y  u p d a t i n g .  

Because the data  a c q u i s i t i o n  a l t i t u d e s  g i v e n  above a re  
hased on a li-mar r e f l e c t i v f t y  model which i s  c o n s i d e r e d  t o  be  5 
t o  1 0  db c o n s e r v a t i v e ,  It 2 s  expec ted  t h a t  a l t i t u d e  d i s p l a y  da t a  
w i l l  b e  a v a i l a b l e  a t  30,000 f t . ,  o r  abou t  312 seconds  i n t o  powered 
d e s c e n t .  (Reference  61 As c o n c e r n s  the S-Band communications 
problem, i t  a p p e a r s  reasonaBle  t o  r e q u i r e  t h a t  any c o r r e c t i v e  LM 
a t t f t u d e  r e o r f e n t a t f o n  sfiould n o t  i n t e r f e r e  w i t h  t he  e a r l i e s t  
p o s s i b l e  r e c e p t i o n  o f  good radar a l t i m e t e r  d i s p l a y  da t a  between 
3 0 , 0 0 0  f t .  and 25,000 f t . ,  o r  w i t h  e i t h e r  t h e  i n i t i a t i o n  of LGC 
u p d a t i n g  or w i t h  i t s  c o n t i n u i t y  once i t  b e g i n s .  These r e q u i r e m e n t s  
w i l l  i n  some c a s e s  impose c o n s t r a i n t s  on t h e  yawing maneuver 
s o l u t i o n  t o  S-Band beam i n t e r f e r e n c e .  
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6 . 2  BEAM LOSSES DUE TO YAWING 
I -  

- 

O f  pr ime concern  i n  a s s e s s i n g  t h e  i n t e r f a c e  between 
LM l a n d i n g  radar o p e r a t i o n  and S-Band communications d u r i n g  
powered d e s c e n t  i s  t h e  e f f e c t  o f  LM a t t i t u d e  r e o r i e n t a t i o n  on 
l a n d i n g  radar r e t u r n  s i g n a l  s t r e n g t h .  I f  t h e  r e t u r n  power f o r  
any g i v e n  beam i s  s u f f i c i e n t l y  low, t h e  f r equency  t r a c k e r s  i n  
t h e  l a n d i n g  r a d a r  e l e c t r o n i c s  subsys tem w i l l  n o t  l o c k  on t o  t h e  
s i g n a l  and t h e  d o p p l e r  v e l o c i t y  w i l l  n o t  b e  de t e rmined  f o r  t h a t  
beam. The l a n d i n g  radar c i r c u i t s  are a r r a n g e d  such  t h a t  no 
v e l o c i t y  i n f o r m a t i o n  i s  used by t h e  LGC f o r  u p d a t i n g  i f  e i t h e r  
beam 1, 2 ,  o r  3 g i v e s  a no - t r ack  c o n d i t i o n .  Cor re spond ing ly ,  no 
r a n g e  i n f o r m a t i o n  i s  used  by t h e  LGC f o r  u p d a t i n g  i f  e i t h e r  beam 
1, 2 ,  or t h e  a l t imeter  beam g i v e s  a no - t r ack  c o n d i t i o n .  ( R e f e r e n c e  9 )  

UPDATE ERRORS 

F i g u r e s  ( 3 3 ) ,  ( a )  t h r o u g h  ( d ) ,  p r e s e n t  some mod i f i ed  
r e s u l t s  from a s i m u l a t i o n  which d e f i n e d  t h e  v e l o c i t y  and r ange  
e r r o r s  i n  l a n d i n g  r a d a r  upda te s  which would be  caused  by yawing 
t h e  LM about  z e r o  yaw. (Refe rence  7 )  The r e f e r e n c e d  s i m u l a t i o n  
was done b e f o r e  t h e  radar an tenna  mounting was r e d e s i g n e d  t o  
e f f e c t  a - 6 O  c a n t i n g  t o  t h e  LM XB, ZB p l a n e .  T h e r e f o r e ,  t h e  s c a n  
o f  + l o o  i n  yaw which was performed i n  Refe rence  7 i s  now approx i -  
m a t e l y  e q u i v a l e n t  t o  +16O, -4O. I n  a d d i t i o n ,  Re fe rence  7 used an 
a n t e n n a  a n g l e  of  40° (group c e n t e r  l i n e ,  X g  a x i s )  f o r  a n t e n n a  
p o s i t i o n  no .  1, as w e l l  as Deslgn Reference  Miss ion  I t r a j e c t o r y  
da t a .  D e s p i t e  these  shor t comings ,  t hese  p l o t s  of  upda te  e r r o r s  
v s .  v e h i c l e  yaw appea r  t o  be t h e  b e s t  data  p r e s e n t l y  a v a i l a b l e .  
T h e  f o u r  p l o t s  i n c l u d e d  h e r e  are f o r  LM a l t i t u d e s  from 4 0 , 0 0 0  f t .  
t o  1 0 , 8 0 0  f t .  B e a m  3 i s  i n  a no - t r ack  c o n d i t i o n  u n t i l  abou t  
1 5 , 0 0 0  f t .  T h i s  i s  p r i m a r i l y  a f u n c t i o n  o f  the LM p i t c h  a t t i t u d e  
and i s  a weaker f u n c t i o n  of  v e n l e  yaw. 

Examinat ion o f  F i g u r e  (33 l  i n d i c a t e s .  that the u p d a t e  
e r r o r s  a s s o c i a t e d  w i t h  yawing the LIVI w i t u n  the range o f  4' t o  
t 1 6 O  are o f  the o r d e r  o f  2% or l ess .  However, one s.Eiould r e a l l y  
speak  of  t he  increment. i n  ermr as t h e  L7.T is yawed from z e r o  yaw; 
t h i s  increment  i s  ve ry  s m a l l  o v e r  t h e  r ange  shown. Based on the  
data  o f  F i g u r e  ( 3 3 ) ,  i t  w i l l  b e  assumed t h a t  below 3Q,OOO f t . ,  t h e  
LM may b e  yawed up t o  t16O d u r i n g  powered d e s c e n t  w i t h o u t  ex- 
p e r i e n c i n g  l o s s  of  t r a c k  on beams 1,2, or t h e  a l t imeter  beam. 
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7.0 LUNAR SURFACE ACCESSIBILITY 

The classification of lunar landing areas according 
to LM-Earth S-Band communications time for particular landing 
dates has been treated by others. (Ref. 11 and 12)* Data 
was presented in Sections (3.1) through (3.3) which defined 
the extent of the communications problem over all landing 
dates. Rather than present accessibility maps which would be 
essentially cross plots of Figures ( 1 5 )  and (16), this section 
will define certain landing areas which take into account the 
constraints associated with the LM landing radar, as discussed 
in the previous section. 

The functional dependence of the yaw required to 
recover communications was given in Section (1.3) as follows: 

All symbols are as previously defined. The landing radar 
operational considerations discussed in Sections (6.1) and 
(6.2) will apply constraints to the yaw function, $(t). If 
a particular constrained yaw function is given by i$(t), then 
the lunar landing sites which will satisfy Equation (7) may 
be given as follows: - 

Equation (8) ( u s ,  x S )  = f(PL,~L9a+y [e(t),~(t),~(t),~(t)] 

Assuming the trajectory profile of Ref. 3, one may give the 
constraint on $(t) as follows: 

Equation (9) i(t) < 1 6 O  for t >310 sec. (or altitude < 3 0 , 0 0 0  ft.) 

Equation (8) may then be used to determine two classes of 
landing areas, viz., those which satisfy the given radar con- 
straint and those which do not. These two classes will of 
course be functions of the librations and the landing azimuth. 
The extent of these classes was evaluated for the following 
parameter conditions. 

LIBRATIONS: (pL, AL) = (-6.85O, -7.70"), 
(6.80", 7.91') 

Equation (10) SITE: -45' 5 A s  - <45" 
= 0 0 ,  f50 

PS 
LANDING AZIMUTH: a = 250°, 270°, 290' 

*Both references use a fixed LM landing azimuth of 270.", 
and treat the case of zero longitude librations. See Sections 
(3.1) through (3.3) for landing azimuth and longitude libration 
effects. 
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Curves o f  c o r r e c t i v e  yaw a t  30,000 f t .  v s .  l a n d i n g  
s i t e  l o n g i t u d e  are  g i v e n  i n  F i g u r e  ( 3 4 ) ,  f o r  ( p L ,  h L )  = 

( -6 .85",  -7 .70° ) ,  which a re  t h e  wors t -case  l i b r a t i o n s  f o r  
communications d u r i n g  LM d e s c e n t .  Landing az imuths  o f  270" 
and 290° are  shown on t h e  p l o t s ;  no i n t e r f e r e n c e  w i l l  o c c u r  
a t  250" aximuth f o r  t h e  pa rame te r  c o n d i t i o n s  i n d i c a t e d .  Fo r  
t h e  maximum p o s i t i v e  l i b r a t i o n  c o n d i t i o n s ,  no yaw i s  r e q u i r e d  
a t  30 ,000  f t .  d u r i n g  LM d e s c e n t ,  f o r  any o f  t h e  r ema in ing  
p a r a m e t e r  c o n d i t i o n s  g i v e n  by E q u a t i o n  ( 1 0 ) .  Note t h a t  i f  
t h e  l a n d i n g  radar yaw t o l e r a n c e  a t  30,000 f t .  i s  assumed t o  be 
16", t h e n  t h e r e  w i l l  be a 3.5" impingement on t h e  l a n d i n g  
area bounded by ( luS1., [ A s [ )  = (5O, 45") .  

8 . 0  HARDWARE REDESIGN; LOW-BIT-RATE COMMUNICATIONS 

The on ly  a p p a r e n t  a l t e r n a t i v e  t o  a n  a t t i t u d e  and/or  
t r a j e c t o r y  r e - o r i e n t a t i o n  s o l u t i o n  f o r  m a i n t a i n i n g  h i g h - b i t -  
r a t e  communications i s  hardware r e d e s i g n .  Adding a n  e x t e n s i o n  
t o  t h e  LM S-Band s t e e r a b l e  an tenna  mount has been c o n s i d e r e d  
p r e v i o u s l y .  ( R e f .  1 3 )  T h i s  was r e j e c t e d  because  o f  t h e  
f o l l o w i n g :  

1. Antenna v i b r a t i o n  i s  a g g r a v a t e d  d u r i n g  DPS/APS 
t h r u s t i n g .  

2 .  A fold-up mechanism i s  r e q u i r e d  t o  remain w i t h i n  
t h e  SLA space  l i m i t a t i o n s .  

3.  An a d d i t i o n a l  cable loss ( 0 . 6  d b )  i s  e n c o u n t e r e d .  

4 .  The LM weight  i s  i n c r e a s e d  by  about  2 0  l b s .  

5 .  C e r t a i n  t e s t  p l a t f o r m s  unde r  t h e  SLA must be  
moved. 

R e - o r i e n t i n g  t h e  g imbal  axes  of  t h e  p r e s e n t  s y s t e m  
would o n l y  r e - d e f i n e  t h e  an tenna  a n g l e s  f o r  which s t r u c t u r a l  
i n t e r f e r e n c e  would e x i s t ;  t h e  R C S  c l u s t e r s  would s t i l l  cause  
beam i n t e r f e r e n c e  f o r  c e r t a i n  E a r t h  position v e c t o r s  relzfvive 
t o  t h e  LM body a x e s .  Also ,  r e - o r i e n t a t i o n  of  t h e  a n t e n n a  
g imbal  mounting would e l i m i n a t e  g imbal  s t o p  e n c o u n t e r  d u r i n g  
a 180" yaw on ly  i n  s p e c i a l  c a s e s .  

r e q u i r e m e n t  f o r  real-t ime, h i g h - b i t - r a t e  communications d u r i n g  
LM d e s c e n t  and a s c e n t ;  a l i s t  o f  t e l e m e t r y  s i g n a l s  which are  
a v a i l a b l e  on ly  i n  t h e  h i g h - b i t - r a t e  mode o f  USB ( U n i f i e d  
S-Band) communications was p r e s e n t e d  i n  S e c t i o n  (1.1). I n  
t h e  e v e n t  t h a t  i n f o r m a t i o n  from t e s t  m i s s i o n  data i s  con- 
s ide red  s u f f i c i e n t  t o  remove t h e  r equ i r emen t  f o r  t h e  high- 
b i t - r a t e  s i g n a l s ,  t h e n  one might  c o n s i d e r  u s i n g  t h e  LM VHF. 

T h i s  e n t i r e  memorandum has i m p l i c i t l y  assumed t h e  
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s y s t e m  d u r i n g  powered descen t  and a s c e n t .  A s  when beh ind  t h e  
moon, data would be t r a n s m i t t e d  t o  t h e  CSM and r e c o r d e d  f o r  
subsequent  p layback  t o  E a r t h .  D i r e c t  v o i c e  c o n t a c t  a t  a low 
s i  n a l  l e v e l  cou ld  be  ma in ta ined  u s i n g  t h e  S-Band omni 
a n  f ennas .  

9 . 0  SUMMARY AND SOLUTIONS 

T h i s  memorandum h a s  a n a l y z e d  t h e  problem o f  main- 
t a i n i n g  con t inuous  h i g h - b i t - r a t e  communications between t h e  
LM and E a r t h  d u r i n g  LM d e s c e n t  and a s c e n t ,  and has d i s c u s s e d  
t h e  major  i n t e r f a c e s  invo lved .  The most s a l i e n t  r e s u l t s  from 
t h e  i n f o r m a t i o n  t h a t  was p r e v i o u s l y  p r e s e n t e d  are g i v e n  i n  t h e  
f o l l o w i n g  c o n c l u s i o n s .  

I. 

11. 

I n  t h e  wors t  c a s e s ,  beam i n t e r f e r e n c e  w i l l  o ccu r  
on LM d e s c e n t  t o  s i t e s  east  of +8" l o n g i t u d e  or on LM 
a s c e n t  from sites west of  -6" l o n g i t u d e .  A r e q u i r e -  
ment f o r  con t inuous  LM-Earth communications d u r i n g  LM 
d e s c e n t  and a s c e n t  f o r  a l l  l aunch  o p p o r t u n i t i e s  w i l l  
t h e n  e l i m i n a t e  a l l  b u t  one of  t h e  c a n d i d a t e  Apollo 
l u n a r  l a n d i n g  s i t e s  ( t h e  S i n u s  Medii s i t e )  i f  t h e  LM 
i s  h e l d  s t r i c t l y  t o  e i t h e r  a z e r o  or 180" yaw a t t i t u d e  
d u r i n g  i n i t i a l  powered d e s c e n t  and t e r m i n a l  powered 
a s c e n t .  Landing s i t e s  i n  t h e  s o u t h e r n  l u n a r  hemi- 
sphere ( n e g a t i v e  l a t i t u d e s )  w i l l  o f f e r  a g r e a t e r  
number o f  l aunch  o p p o r t u n i t i e s  ( l u n a r  l a n d i n g  dates)  
for which beam i n t e r f e r e n c e  w i l l  no t  occu r  a t  z e r o  
yaw a t t i t u d e .  

The e x t e n t  (and  e x i s t e n c e )  of  beam i n t e r f e r e n c e  
f o r  a g i v e n  l u n a r  l a n d i n g  s i t e  w i l l  v a ry  from one 
l aunch  o p p o r t u n i t y  t o  a n o t h e r ;  t h e  LM-Ear th  v e c t o r  
d u r i n g  d e s c e n t  and a s c e n t  i s  a f u n c t i o n  of  t h e  e a r t h -  
moon geometry and t h e  optimum l u n a r  p a r k i n g  o r b i t  o f  
d a t e .  

111. Beam i n t e r f e r e n c e  on LM d e s c e n t  or a s c e n t  can  
be a ~ e i d e d  h y  r e - o r i e n t i n g  t h e  LM i n  yaw a t t i t u d e .  
I n  t h e  wors t  c a s e s ,  t h e  r e q u i r e d  yaw w i l l  be +47" 
on powered d e s c e n t  o r  -50" on powered a s c e n t .  

I V .  Lan'ding radar r equ i r emen t s  w i l l  impose a 
c o n s t r a i n t  on t h e  yaw t i m e  f u n c t i o n  t h a t  might  b e  
r e q u i r e d  t o  avo id  beam i n t e r f e r e n c e  d u r i n g  powered 
d e s c e n t .  The use  of l a n d i n g  radar data f o r  s t a t e  
v e c t o r  u p d a t e s  i s  planned t o  beg in  when t h e  LM 
a l t i t u d e  h a s  dec reased  t o  2 5 , 0 0 0  f t .  It w i l l  b e  
advantageous  t o o b s e r v e  d i s p l a y  data as soon as i t  
i s  a v a i l a b l e  p r i o r  t o  t h e  i n i t i a t i o n  o f  u p d a t i n g .  
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v. 

V I .  

V I I .  

The bes t  a v a i l a b l e  data i n d i c a t e s  t h a t  t h e  
l a n d i n g  radar cou ld  t o l e r a t e  up t o  +16" yaw a t  
30 ,000  f t .  o r  below wi thou t  s i g n i f i c a n t  e r r o r s .  
C o n s t r a i n i n g  t h e  c o r r e c t i v e  yaw t o  +16" a t  3 0 , 0 0 0  
f t .  or below w i l l  s t i l l  a l l o w  a yaw s o l u t i o n  f o r  
a l l  o f  t h e  l u n a r  l a n d i n g  s i t e s  now b e i n g  c o n s i d e r e d  
f o r  t h e  f i r s t  l u n a r  l a n d i n g .  

Beam i n t e r f e r e n c e  d u r i n g  LM d e s c e n t  and a s c e n t  
c o u l d  be avo ided  by p r o p e r l y  choos ing  t h e  p l a n e  of  
t h e  l u n a r  p a r k i n g  o r b i t  and t h e r e f o r e  t h e  LM t r a -  
j e c t o r y  p l a n e .  D e v i a t i o n  from t h e  optimum p a r k i n g  
o r b i t  p l a n e  would r e q u i r e  a d d i t i o n a l  e x p e n d i t u r e  o f  
SPS ( S e r v i c e  P r o p u l s i o n  S y s t e m )  f u e l .  However, t h e  
amount o f  SPS f u e l  a v a i l a b l e  f o r  t h i s  w i l l  depend 
on a v a r i e t y  o f  m i s s i o n  c o n s t r a i n t s ,  i n c l u d i n g  t h e  
l a n d i n g  s i t e  and l a n d i n g  da te .  I n  some c a s e s ,  i t  
would be  p o s s i b l e  t o  avo id  beam i n t e r f e r e n c e  by 
changing  t h e  LM l a n d i n g  az imuth  b y  o n l y  1'. 

F l y i n g  i n  a "face-down" (180' yaw) a t t i t u d e  
d u r i n g  t h e  i n i t i a l  p o r t i o n  o f  LM d e s c e n t  i s  no t  a 
s y s t e m a t i c  s o l u t i o n .  Although beam i n t e r f e r e n c e  
encoun te red  d u r i n g  a " face -ou t "  
be  e l i m i n a t e d  when f l y i n g  "face-down," there  are many 
l a n d i n g  s i t e s  and d a t e s  f o r  which beam i n t e r f e r e n c e  
w i l l  o c c u r  d u r i n g  d e s c e n t  when t h e  LM i s  a t  a 180" 
yaw ("face-down") a t t i t u d e ,  b u t  w i l l  n o t  c c c u r  a t  
a 0" yaw ( " f a c e - o u t " )  a t t i t u d e .  

f l i g h t  w i l l  g e n e r a l l y  

V I I I .  Yawing t h e  LM th rough  180" w h i l e  t h e  s teerab le  
a n t e n n a  i s  t r a c k i n g  t h e  ear th  w i l l  i n  many c a s e s  r e s u l t  
i n  loss o f  t r a c k  because of  g i m b a l  s t o p  e n c o u n t e r .  
Manual ea r th  r e - a c q u i s i t i o n  would t h e n  be r e q u i r e d ,  
and t h e  crew would need t o  b e  aware of  t h e  c o r r e c t  
a n t e n n a  c o o r d i n a t e s  w i t h i n  a 10" c a p t u r e  a n g l e .  A 
180" yaw b e g i n n i n g  a t  32,500 f t .  may a l w a y s  b e  done 
f o r  d e s c e n t  t o  l a n d i n g  s i t e s  west o f  -4" ,  w i t h o u t  
g imbal  s t o p  e n c o u n t e r .  

I X .  Hardware r e d e s i g n ,  as l i m i t e d  t o  e x t e n s i o n  of  
t h e  a n t e n n a  t r i p o d ,  has been  c o n s i d e r e d  and was no t  
recommended. T r a n s m i t t i n g  l o w - b i t - r a t e  i n f o r m a t i o n  
t o  t h e  CSM w i t h  subsequent  r e l a y  t o  E a r t h  would n o t  
o n l y  r e s u l t  i n  t h e  loss of v a r i o u s  data,  b u t  would 
a l s o  deny t h e  p o s s i b i l i t y  of  r e a l  t i m e  m o n i t o r i n g  a t  
t h e  m i s s i o n  c o n t r o l  c e n t e r .  
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X. CONCLUSIONS 

T h i s  memorandum has assumed a r equ i r emen t  f o r  r e a l  
t ime ,  h i g h - b i t - r a t e  communications d u r i n g  L M  d e s c e n t  and 
a s c e n t ,  and has shown t h a t ,  as p e r  t h e  nominal t r a j e c t o r y  
and a t t i t u d e  p r o f i l e ,  t h i s  requi rement  cannot  be m e t  f o r  
some o f  t h e  l u n a r  l a n d i n g  s i t e s  and dates now contempla ted .  
On t h e  basis o f  t h e  f o r e g o i n g  a n a l y s i s ,  the  f o l l o w i n g  pro-  
cedures  are o f f e r e d  as s o l u t i o n s  t o  the problem: 

1. Re-orient  the LM i n  yaw a t t i t u d e  u n t i l  a 
c l e a r  l i n e - o f - s i g h t  t o  Earth I s  o b t a i n e d  
and beam i n t e r f e r e n c e  i s  removed. 

2 .  I f  the l a n d i n g  r a d a r  sys tem cannot  o p e r a t e  
a t  the  r e q u i r e d  yaw, or i f  the r e q u i r e d  
d e v i a t i o n  from a 180°,  " f ace  down" a t t i t u d e  
i s  u n a c c e p t a b l e ,  c o n s i d e r  changing the 
l u n a r  p a r k i n g  o r b i t  p l a n e  w i t h  the r e s u l t i n g  
a d d i t i o n a l  e x p e n d i t u r e  o f  SPS f u e l .  

3. Change t h e  l aunch  date  and/or  l a n d i n g  s i t e  TE 
SPS f u e l ,  LR, and p o s s i b l e  s u r f a c e  v2ewfn.g 
c o n s t r a i n t s  cannot  be  s a t i s f i e d  w N l e  main- 
t a i n i n g  cont inuous  communications. 

2 0 13-ACM-w cs 

Attachments  
Refe rences  
Ap p end ixe  s 

A, B, C, & D 
F i g u r e s  1-34, Al- 

A7, ~ 1 - ~ 6 ,  C 1 ,  
D1-D2 
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APPENDIX A 

TRANSFORMATION EQUATIONS FOR SIMULATION 

The sequence of transformations required to determine 
the state of LM-Earth S-Band communications via the LM high-gain 
steerable antenna is diagrammed in Figure (A-1). The overall 
indicated operation transforms the Earth's position vector from 
selenographic spherical coordinates to the elevation-azimuth 
coordinate system of the steerable S-Band antenna. 

The transformations that have been grouped within the 
dashed block are given by the following equation: 

Equation (A-1) 

The vectors X ( S G )  and X (B) give the Earth?s position in the seleno- 
graphic and EM body coordinate systems, respectively. The trans- 
formation of Equation ( A - 1 )  has been separated into two matrix 
operators, Al, and A 2 ,  with the local horizontal system as an 
intermediate coordinate reference. 

Although it could have been included as an integral 
part of the simulation sequence, the problem of lunar libration 
generation was treated separately. The latitude and longitude 
librat ions, 
inputs. Obtaining the & vector is then the result of a 
scalar transformation on the librations as given by the following 
equation, derived from Figure (A-2a). 

and AL, respectively, are therefere treated as pL 

- 
Equation (A-2) 

Before describing the explicit subdivisions of matrices 
A l  and h2, it should be noted that two coordinate translations 
have been ignored in the sequence of Figure (A-1). These consist 
of a translation of the local horizontal system from the origin 
of the selenographic system to the altitude of the'LM above the 
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A-2 

lunar surface, and a translation of the antenna system from the 
origin of the LM body axes to the antenna position onboard the 
vehicle. Such translations would have a negligible effect on 
the Earth position vector. Translation to the vehicle altitude 
would contribute 1/4 degree at most, while the contribution due 
to translation to the onboard antenna position would be several 
orders of magnitude less. 

The antenna is assumed to track the center of the Earth, 
while it will actually be tracking a signal from an Earth ground 
station. Such stations are located at other than zero latitude, 
and will not necessarily be located at the center of the 2" disk 
that the Earth presents at lunar distances. The parabolic S-Band 
steerable antenna radiates a beam of 13" full-cone angle, how- 
ever, so ignoring ground station locations seems justifiable. 

Once the above discussed translations have been omitted, 
the Moon-Earth vector, SE of Figure (A-2a), may be assigned any 
magnitude. In order that the Earth's coordinates in any of the 
several reference systems will be direction cosines, one may set 
the norm of the Moon-Earth vector equal to unity, or II%IEI( = 

SELENOGRAPHIC TO LOCAL HORIZONTAL TRANSFORMATION; *, 
Because the LM descent and ascent guidance controls the 

orientation of the thrust vector in a local horizontal coordinate 
system along the vehicle trajectory, one must transform to this 
system before inputting any particular LM attitude time history. 
The local horizontal system is defined by Figure (A-2b). The €,-q 
plane is the local horizontal plane and the +G axis is the local 
outward vertical. The t 5 axis is in the direction of the pro -  
jection of the local veh'icle velocity vector, V, on the local 
horizontal plane. This (€,, TI, s )  system then moves along the de- 
scent or ascent trajectory as the LM progresses toward or away 
from the landing site, respectively. 

The selencgraphlc to local horizontal transformation, 
h l J  
into individual rotations as follows in Equation (A-3). 

is different for LM descent and ascent, and may be separated 

for ascent 



. 
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The triad of orbital elements, 
Figure (A-2c). The transformation hl  is essentially an Euler 
transformation, for LM descent. In standard nomenclature, n, 
i, and v are the longitude of the ascending node, the orbital 
inclination, and the argument of perigee plus the true anomaly, 
respectively. 

(QD, iD, vD) is defined by 

The descent and ascent transformations will now be 
treated separately. 

DESCENT ORBIT TRANSFORMATIONS 

Figure (A-3) gives a diagrammatic description of the 
rotation sequence necessary to define the LM descent trajectory 
plane and the vehicle position within this plane. The Earth’s 
position vector undergoes the following transformations as the 
rotation sequence is performed. 

Equation (A-4) 

Equation (A-5) 

Equation (A-6) 

The rotation matrices can be derived f r m  Figure ( A - 3 )  and are 
given as follows: 

Equation (A-7) 

A(nD) = 

Equation (A-8) 

B(iD) = 

1 0 

0 cos(iD) 

0 -SIN( iD) 

O I  0 

’1 
- 

0 

SIN(iD) 

COS ( iD) 

- 
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Equa t ion  ( A - 1 0 )  

X(22) = C 2 ( A i ) &  ( 2 1 )  
Equa t ion  ( A - 1 1 )  - 

The m a t r i c e s  C l ( A v D )  and C 2 ( A i )  
( A - 4 )  and are g i v e n  as f o l l o w s :  

Equa t ion  ( A - 1 2 )  

C l ( A v D )  = 

Equa t ion  ( A - 1 3 )  

C 2 ( A i )  = 

may be  o b t a i n e d  from F i g u r e  

- 
C O S (  A v D )  S I N (  AvD) 

-SIN( A V ~ )  C O S  ( AvD) 

0 0 

- 
C O S ( A i )  

0 

SIN( A i )  1 -SIN( A i )  

0 

C O S (  A i )  

The CSM maneuver which co r re sponds  t o  t h e  t r ans fo rma-  
t i o n  o f  Equa t ion  ( A - 1 1 )  i s  a bu rn  a t  t h e  common node l i n e ,  which 
i s  t h e  + X 2  

( 2 2 )  a x i s  w i l l  b e  s i t e  as measured i n  t h e  a s c e n t  o r b i t .  The + X  

t h e  l o c a l  v e r t i c a l  a t  t h e  l a n d i n g  s i t e  a t  l i f t o f f .  

a x i s .  T h i s  burn w i l l  be  90° from t h e  l a n d i n g  

1 

The i n s t a n t a n e o u s  LM p o s i t i o n  w i t h i n  t h e  a s c e n t  t r a -  
j e c t o r y  p l a n e  i s  now o b t a i n e d  by a r o t a t i o n  t h r o u g h  t h e  a n g l e  
IJJA,  which i s  p o s i t i v e  i n  t h e  d i r e c t i o n  o f  motion i n  t h e  a s c e n t  
t r a j e c t o r y ,  and i s  t h e  l u n a r  c e n t r a l  a n g l e  from t h e  l o c a l  v e r t i -  
c a l  a t  t h e  l a n d i n g  s i t e  t o  t h e  l o c a l  v e r t i c a l  a t  t h e  LM p o s i t i o n .  
The f o l l o w i n g  e q u a t i o n  p r o p e r l y  t r a n s f o r m s  t h e  E a r t h  p o s i t i o n  
v e c t o r  as t h e  LM p r o g r e s s e s  away from t h e  l a n d i n g  s i t e  by  t h e  
a n g l e  IJJ A '  

Equa t ion  ( A - 1 4 )  
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The m a t r i x  C3($,) i s  g i v e n  a s  f o l l o w s :  

Equa t ion  (A-15) 0 

0 

L o  0 1 
G U I D A N C E  LOCAL H O R I Z O N T A L  SYSTEM 

Although t h e  X ( 3 )  sy s t em,  as o b t a i n e d  f o r  e i t h e r  de- 
s c e n t  o r  a s c e n t ,  cou ld  be v a l i d l y  c a l l e d  a l o c a l  h o r i z o n t a l  
s y s t e m ,  i t  i s  n o t  t h e  same a s  t h e  a fo remen t ioned  sys tem of  
F i g u r e  (A-2b) ,  i n  which t h e  LM t h r u s t  yaw and p i t c h  a re  d e f i n e d .  
F i g u r e  (A-5a) s e r v e s  t o  compare t h e  - X ( 3 )  and - X (LH) s y s t e m s .  
can be s e e n ,  i t  i s  n e c e s s a r y  t o  r o t a t e  +goo about  t h e  tX 

A s  
( 3 )  

3 
a x i s  and t h e n  r o t a t e  +go" about t h e  r e o r i e n t e d  +IC1 ( 3 )  a x i s  i n  
o r d e r  t o  o b t a i n  t h e  p r o p e r  l o c a l  h o r i z o n t a l  sys tem.  T h i s  r e -  
o r d e r i n g  o f  t h e  c o o r d i n a t e  t r i p l e s  i s  accompl ished  by  t h e  t r a n s -  
f o r f l a t i o n  o f  Equat ior ,  ( A - 1 6 )  belaw, where D i s  g i v e n  i n  Equa t ion  
(A-17) 

= D &  ( 3 )  
Equa t ion  (A-16) - 

Equa t ion  (A-17) 

A l l  component m a t r i c e s  o f  t h e  s e l e n o g r a p h i c  t o  l o c a l  
h o r i z o n t a l  t r a n s f o r m a t i o n ,  AI, have now been de te rmined  f o r  b o t h  
d e s c e n t  and a s c e n t .  

LOCAL H O R I Z O N T A L  TO LM BODY AXES TRANSFORMATION; A, 

Having o b t a i n e d  t h e  l o c a l  h o r i z o n t a l  s y s t e m ,  l e t  u s  
now p l a c e  t h e  LM i n  t h i s  system such  t h a t  t h e  LM body axes  and 
t h e  l o c a l  h o r i z o n t a l  axes  a r e  s i m i l a r l y  o r d e r e d  t r i p l e s .  Thus,  
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t h e  z e r o  a t t i t u d e  (p i t ch=yaw=ro l l=O)  f o r  t h e  LM w i l l  be tha t  
g i v e n  i n  F i g u r e  ( A - 5 b ) .  The no rma l i zed  c o o r d i n a t e s  of  t h e  ' 

E a r t h  i n  t h e  LM body sys tem f o r  t h i s  " z e r o  a t t i t u d e "  o r i e n t a -  
t i o n  are  g i v e n  by Equa t ion  ( A - 1 8 )  below, where I i s  a , u n i t  m a t r i x .  

Equa t ion  (A-18) 

THRUST YAW ( P i l o t  R o l l )  

I n  LM t h r u s t  v e c t o r  r e d i r e c t i o n ,  t h e  o r d e r  o f  r o t a t i o n s  
i s  th rus t -yaw f i rs t  and t h e n  t h r u s t - p i t c h ,  which co r re spond  t o  
p i l o t - r o l l  f i rs t  and t h e n  p i l o t - p i t c h ,  t h e  l a t t e r  terms b e i n g  
d e f i n e d  i n  F i g u r e  (1). F igure  (A-6a) shows a n  a t t i t u d e  re- 
o r i e n t a t i o n  f o r  t h r u s t i n g  approx ima te ly  30" o f f  t h e  fo rward  
h o r i z o n t a l  v e l o c i t y .  For powered d e s c e n t ,  t h r u s t i n g  i s  mos t ly  
180" from t h e  t o t a l  v e h i c l e  v e l o c i t y  u n t i l  High Gate. The 
E a r t h  p o s i t i o n  v e c t o r  i s  t r ans fo rmed  by  a thrus t -yaw o r  p i l o t -  
roll a c c o r d i n g  t o  Equa t ion  ( A - l g ) ,  wnere m a t r i x  E ( B ) ,  as g i v e n  
by  Equa t ion  ( A - 2 0 ) ,  may be  d e r i v e d  from F i g u r e  (A-6a). 

E q u a t i o n  ( A - 1 9 )  

' COS(f3)  SIN( S I  

Equa t ion  ( A - 2 0 )  E ( B )  = [;IN;) c o s y )  :] 
THRUST PITCH 

With the  LM a t  some t h r u s t  yaw, 6 ,  w e  now p i t c h  t h e  
v e h i c l e  abou t  t h e  +YB a x i s  ( o u t  t h e  r igh t -hand- s ide  of  t h e  LM). 
From a p i l o t - v e h i c l e  p o i n t  o f  v iew,  p o s i t i v e  t h r u s t  p i t c h ,  as 
shown i n  F i g u r e  (A-6b), i s  a "pitch-down" maneuver; a p o s i t i v e  
p i l o t - v e h i c l e  p i t c h  i s  i n  a "p i tch-up"  s e n s e .  The c o o r d i n a t e s  
o f  t h e  E a r t h  are t r ans fo rmed  by p i t c h i n g  as i n  Equa t ion  ( A - 2 1 ) .  
Ma t r ix  F ( 6 )  i s  g i v e n  i n  Equat ion  ( A - 2 2 ) .  

E q u a t i o n  ( A - 2 1 )  
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E q u a t i o n  ( A - 2 2 )  SIN( 0 )  

’ C O S ( 8 )  

cos(e)  0 

0 1 

- S I N (  0 )  0 

F(0) = 

ROLL-ABOUT-THRUST (Pilot-Yaw) 

F o r  t h e  purpose  of communications c o r r e c t i o n s ,  a yaw 
maneuver ( r o l l - a b o u t - t h r u s t )  i s  per formed.  A p o s i t i v e  yaw, 
as g i v e n  by F i g u r e  (A-6c),  co r re sponds  t o  a p o s i t i v e ,  r i g h t -  
handed r o t a t i o n  about  t h e  LM + XB a x i s .  The t r a n s f o r m a t i o n  
o f  t h e  E a r t h  p o s i t i o n  v e c t o r  t h a t  i s  a s s o c i a t e d  w i t h  yawing t h e  
LM i s  g i v e n  as f o l l o w s :  

Equa t ion  (A-23) 

Equa t ion  ( A - 2 4 )  

T h i s  comple tes  t h e  LM a t t i t u d e  o r i e n t a t i o n  w i t h i n  t h e  
l o c a l  h o r i z o n t a l  s y s t e m ,  which was i n d i c a t e d  as a n  o v e r a l l  
t r a n s f o r m a t i o n ,  A * ,  i n  Equat ion  ( A - 1 ) .  

g i v e s  the  Earth d i r e c t i o n  i n  t he  LM body s y s t e m  f o r  a g i v e n  
t r a j e c t o r y  and a t t i t u d e .  

The v e c t o r  3 ( B 4 )  now 

LM BODY AXES TO ANTENNA ANGLES TRANSFORMATION 

The S-Band s t ee rab le  a n t e n n a  i s  p o s i t i o n e d  onboard t h e  
LM i n  t h e  XB, YB p l a n e  a t  an XB c o o r d i n a t e  n e a r  t h e  r o o f  l i n e .  
A s  n o t e d  p r e v i o u s l y ,  t h e  E a r t h  p o s i t i o n  v e c t o r  w i l l  b e  a f f e c t e d  
t o  a n e g l i g i b l e  e x t e n t  i f  t r a n s l a t e d  from t h e  LM body s y s t e m  t o  
t h i s  onboard p o s i t i o n .  
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. 

The g i m b a l l i n g  of t h e  S-Band s teerab le  a n t e n n a  i s  de- 
f i n e d  i n  a s h a f t - t r u n n i o n  sys t em as shown i n  F i g u r e  ( A - 7 ) .  
T h i s  i s  e q u i v a l e n t  t o  a n  o r d e r e d  r o t a t i o n  f i rs t  th rough  e l e v a t i o n  
( p o s i t i v e  i n  a r igh t -hand-sense  abou t  t h e  LM + YB a x i . s ) ,  and 
t h e n  t h r o u g h  az imuth  ( p o s i t i v e  from t h e  x8, zb Plane  t o  t h e  
+yB a x i s ) .  T h e r e f o r e ,  F i g u r e  ( A - 7 )  shows a p o s i t i v e  e l e v a t i o n  
and n e g a t i v e  az imuth .  S ince  t h e  sequence  o f  r o t a t i o n s  i s  n o t  a 
u n i v e r s a l  conven t ion ,  it w i l l  be  w e l l  t o  ment ion  t h a t  r o t a t i o n  
t h r o u g h  az imuth  and t h e n  e l e v a t l o n  (as  i n  t h e  u s u a l  radar se- 
quence)  i s  - n o t  an  e q u i v a l e n t  s equence .  

The a n t e n n a  a n g l e s  are g i v e n  as f o l l o w s :  
* 

Equa t ion  (A-25) 

TAN-1 [ 
I b 

By f u r t h e r  conven t ion ,  t h e  r a n g e  o f  t h e  e l e v a t i o n  a n g l e ,  E L ,  
and  t h e  az imuth  a n g l e ,  AZ, may be g i v e n  as f o l l o w s :  

Equa t ion  (A-26) 

The reader  may now r e t u r n  t o  F i g u r e  ( A - 1 )  and n o t e  t h a t  
a l l  i n d i c a t e d  o p e r a t i o n s  on t h e  E a r t h  c o o r d i n a t e s  have been p e r -  
formed. The mat ter  o f  an tenna  a n g l e  c o n s t r a i n t s  i s  d i s c u s s e d  i n  
Appendix C and S e c t i o n s  ( 1 . 0 )  and ( 5 . 0 ) .  
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DETERMINATION OF THE TRANSFORM ANGLES 

Given a landing site, (us, A s ) ,  we wish to obtain 
the transform sets, (aD, iD, vD) and (QD, iD,AuD, Ai,. $,), for 
LM descent and ascent, respectively. The descent orbit set will 
be considered first, and the angles will be determined in the 
order given. 

Transform Angles for the Descent Orbit 

Figure (B-1) depicts the descent orbit track on the 
selenocentric sphere. The point labelled ( O O ,  O o )  corresponds 
to the intersection of the prime lunar meridian with the lunar 
equator. The LM landing azimuth, a, may be defined as the angle 
between the direction vector from the site to lunar north, and 
the direction vector of the LM trajectory track at the site. It 
is measured positive North-to-East, or clockwise, in the tangent 
plane at the landing site. Since the LM landing azimuth is 
generally about 2 7 O C ,  the corresponding negative (counter-clock- 
wise) azimuth is shown on all figures for convenience. 

The longitude of the ascending node of the descent 
orbit, as referenced to the ( O O ,  0 " )  point, may be found from 
Figure (B-1) and is given as follows: 

The arc ql, also obtained from Figure ( B - l ) ,  is given by the 
following equation: 

Equation (B-2) 

JI 1 = TAN-1 [ -:::::?], - T 5 $  5lF 

The value of the arctangent function in Equation (B-2) is 
determined according to the quadrant in which the numerator 
and denominator of its argument lie,and is bounded as indicated. 
It may be shown that Equations(B-1) and (B-2) hold for a 270°,  
Ps>< Oo, and A s  2 0'. 

The orbital inclination, iD in Figure (B-l), is given 
by Equation (B-3) below: 

1 Equation (B-3) 
iD - - 71- COS-' [-COS ( u s )  SIN ( a )  
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The r ema in ing  ang le  o f  t h e  d e s c e n t  s e t  i s  t h e  anomaly, 
T h i s  a n g l e  may be found from F i g u r e s  ( B - 1 )  and ( B - 2 )  and i s  I3' V 

g i v e n  as f o l l o w s :  

Equa t ion  ( B - 4 )  

Equa t ion  (B-5) 

q 2  =  TAN-^ 

E q u a t i o n  (B-6) 

l4, = cos-1 
(RMM - 

2 (RMS) (RMM + ALT) 

The a n g l e  JI,, as g i v e n  by Equa t ion  ( B - 6 )  and o b t a i n e d  from 
F i g u r e  (B-21, i s  t h e  l u n a r  c e n t r a l  a n g l e  from t h e  LM p o s i t l s n  
t o  t h e  l a n d i n g  s i t e .  

The v a r i a b l e s  ALT and RANGE a re  t h e  a l t i t u d e  above 
t h e  mean l u n a r  sphere and t h e  s l a n t  r ange  t o  t h e  l a n d i n g  s i t e ,  
r e s p e c t i v e l y .  Both a re  f u n c t i o n s  o f  t i m e  and be long  t o  t h e  s e t  
o f  parameters which d e f i n e  a d e s c e n t  t r a j e c t o r y .  It was t h e r e f o r e  
n e c e s s a r y  t o  assume a "standard" d e s c e n t  and a s c e n t  t r a j e c t o r y  
p r o f i l e  f o r  u s e  i n  t h i s  s i m u l a t i o n .  The AS-504 S p a c e c r a f t  P r e l i m i -  
n a r y  Refe rence  T r a j e c t o r y  (PRT) r e s u l t s  were used f o r  t h i s  pu rpose .  
The on ly  s l i g h t  i n a c c u r a c y  i n  a d o p t i n g  these  r e s u l t s  for a gener -  
a l i z e d  s i m u l a t i o n  ar ises  when t h e  l u n a r  s i t e  a l t i t u d e  ( e l e v a t i o n  
w i t h  r e s p e c t  t o  t h e  mean l u n a r  sphe re )  i s  n o t  e q u a l  t o  t h a t  used 
i n  t h e  PRT. All l a n d i n g  s i t e s  were assumed to l i e  on t h e  mean 
l u n a r  sphere (RMM = RMS, o r  z e r o  e l e v a t i o n ) ,  and t h e  a l t i t u d e  
data  of  t h e  PRT was a d j u s t e d  ( b i a s e d )  f o r  t h i s ;  t h e  s l a n t  r a n g e  
t o  t h e  l a n d i n g  s i t e  was not a d j u s t e d .  

T h i s  comple tes  t h e  d e t e r m i n a t i o n  o f  t h e  s e t  (QD, ID, v D ) ,  

f o r  LM d e s c e n t .  

Transform Angles f o r  Ascent O r b i t  

A s  an  a i d  i n  de t e rmin ing  r e l a t i o n s  between t h e  s e v e r a l  
v a r i a b l e s ,  i t  i s  u s e f u l  t o  i n t r o d u c e  t h e  r e f e r e n c e  o r b i t  which 
passes t h r o u g h  the  i n e r t i a l  p o s i t i o n  of t h e  s i t e  a t  b o t h  l a n d i n g  
and l i f t o f f .  T h i s  o r b i t  i s  a s s i g n e d  a l a n d i n g  az imuth ,  aREF-, 

as i n d i c a t e d  i n  F i g u r e  ( B - 3 ) .  
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The d o t t e d  a r c  i s  t h e  t r a c k  of  t h e  ex tended  l a n d i n g  
s i t e  r a d i u s  on a s e l o c e n t e r e d  s p h e r e ;  i t  i s  n o t  a n  a r c  o f  a 
g r e a t  c i r c l e .  The a n g l e  A x  i s  t h e  a n g l e  between m e r i d i a n s  
t h r o u g h  t h e  i n e r t i a l  s i t e  loca t ' i ons  a t  l a n d i n g  and l i f t o f f ,  and 
i s  g i v e n  by Equa t ion  ( B - 7 )  below, where uMOON i s  t h e  r o t a t i o n  
r a t e  o f  t h e  moon about  i t s  p o l a r  a x i s .  
rounded o f f  t o  t h e  nex t  h i g h e s t  CSM o r b i t  i n  t h i s  s i m u l a t i o n .  

The s t a y  t i m e ,  TS, was 

Equa t ion  ( B - 7 )  

The r e f e r e n c e  az imuth ,  aREF, may t h e n  be de t e rmined  from t h e  
s p h e r i c a l  geometry of  F i g u r e  ( B - 3 ) ,  as f o l l o w s :  

L -1 

I n  t n e  subsequent  d e t e r m i n a t i o n  of  t n e  t r a n s f o r m  
a n g l e s ,  i t  w i l l  be  n e c e s s a r y  t o  u t i l i z e  t h e  a r c s  y1 and y2 of 
F i g u r e  ( B - 4 ) .  
as f o l l o w s :  

From F i g u r e  ( B - 3 ) ,  i t  may b e  shown tha t  y 1  i s  g i v e n  

Equa t ion  ( B - 9 )  

y1 

The a r c  y 2  i s  t h e n  de termined  from F i g u r e  ( B - 4 ) ,  and i s  g i v e n  
b y  t h e  f o l l o w i n g  e q u a t i o n s :  

Equa t ion  (E-10) 
r 

Equa t ion  ( B - 1 1 )  

6a = (a- OREF)  

The LM d e s c e n t  and a s c e n t  o r b i t  t r a c k s  on t h e  s e l e n o -  
c e n t r i c  s p h e r e  are shown i n  F i g u r e  ( B - 5 ) .  R e t u r n i n g  t o  F i g u r e  ( A - 4 )  
o f  Appendix A ,  . n o t e  t h a t  ( A v D  + 90") i s  t h e  a n g l e ,  measured i n  
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B-4 

t h e  d i r e c t i o n  of mot ion ,  from t h e  d e s c e n t  o r b i t  a scend ing  node 
t o  t h e  node l i n e  common t o  t h e  d e s c e n t  and a s c e n t  o r b i t s .  The 
inc remen t  i n  d e s c e n t  anomaly i s  g iven  as f o l l o w s :  

Equa t ion  (B-12) 

It may be shown t h a t  Equat ion  (B-12) w i l l  h o l d  f o r  u 270° ,  
us  I O o ,  and A s  6 0'. 

The node l i n e  common t o  t h e  d e s c e n t  and a s c e n t  o r b i t s  
i s  de te rmined  once t h e  a r c  Av i s  known; t h i s  f i x e s  t h e  p o s i t i o n  
o f  t h e  CSM p l a n e  change burn.  For  a p a r t i c u l a r  l a n d i n g  az imuth ,  
a, t h e  r e q u i r e d  p l a n e  change i s  de termined  by  Equa t ion  ( B - 1 3 )  
below, w i t h  r e f e r e n c e  t o  F i g u r e  (B-4): 

D 

Equa t ion  (B-13) 

J 

There remains  t h e  d e t e r m i n a t i o n  of  $.A i n  t h e  a s c e n t  
t r a n s f o r m  se t  ($ID, ID, AvD, A i ,  $ A ) .  

and (B-6) i n d i c a t e s  t h a t  JI, i s  g i v e n  by  Equa t ion  (B-14) below: 
Refe rence  t o  F i g u r e s  (B-5) 

Equa t ion  (B-14) 

2 ( R M S )  (RMM t ALT) 

(RMM + A L T ) ~  + ( R M S ) ~  
= cos-1 

T h i s  i s  t h e  r ange  a n g l e  between t h e  LM and t h e  l a n d i n g  s i t e ,  and 
t h e  v a r i a b l e s  on t h e  r i g h t  s ide  of t h e  e q u a t i o n  were t a k e n  from. 
t h e  as-504 PRT, as p r e v i n u s l y  E l e n t i m e d  for pcwered descent. 

T h i s  comple tes  t h e  d e t e r m i n a t i o n  o f  a l l  t r a n s f o r m  
a n g l e s  needed i n  t h e  e q u a t i o n s  f o r  s i m u l a t i o n  t h a t  were p r e s e n t e d  
i n  Appendix A .  
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ANTENNA ANGLE CONSTRAINTS 

A q u a l i t a t i v e  d i s c u s s i o n  o f  a n t e n n a  a n g l e  c o n s t r a i n t s  
was p r e s e n t e d  i n  S e c t i o n  (1.01, and exc luded  a n t e n n a  coverage  
was i n d i c a t e d  on t h e  f i g u r e s  6f S e c t i o n  ( 5 . 1 ) .  T h i s  appendix  
w i l l  s e r v e  t o  e x p l a i n  i n  d e t a i l  t h e  d e t e r m i n a t i o n  o f  a n t e n n a  
c o n s t r a i n t s .  

G i m b a l  L i m i t s  

The p h y s i c a l  gimbal l i m i t s  f o r  t h e  S-Band s t ee rab le  
a n t e n n a  are as f o l l o w s :  (Refe rence  1 4 )  

Equa t ion  ( C - 1 )  

-75' Antenna Azimuth 2 75' 

-75" 2 Antenna E l e v a t i o n  2 255' 

For  t h e  t r a j e c t o r i e s  o f  c u r r e n t  m i s s i o n  p l a n n i n g ,  these gimbal 
l i m i t s  w i l l  n o t  impose a c o n s t r a i n t  on LM-Earth communications 
d u r i n g  owered d e s c e n t  and a s c e n t ,  p r o v i d e d  yawing from a " f a c e -  
down" t h c e - o u t "  a t t i t u d e  i s  n o t  p l anned .  
d e s c e n t  and a s c e n t ,  t n e s e  l i m i t s  w i l l  b e  no problem i f  t h e  p r o p e r  
p i t c h  and r o l l  a t t i t u d e s  a re  m a i n t a i n e d .  

During c o a s t i n q  

S t r u c t u r a l  I n t e r f e r e n c e  

F i g u r e  ( C - 1 )  g i v e s  t h e  l i m i t s  on a n t e n n a  coverage  i m -  
posed by  beam i n t e r f e r e n c e .  (Refe rence  1 5 )  The s t e e r a b l e  a n t e n n a  
w i l l  t r a c k  an  RF S i g n a l  from Ear th  i n  o r d e r  t o  m a i n t a i n  t r a n s m i s s i o n  
i n  the  p r o p e r  d i r e c t i o n .  R e f l e c t i o n  o f  t h i s  RF beam o f f  t h e  R C S  
n o z z l e s  as w e l l  as t h e  o u t e r  s k i n  o f  t h e  LM may cause  the  a n t e n n a  
t o  l o s e  e a r t h - l o c k .  A guardband of 8-1/2O (or a 32 i n c h  diameter  
c y l i n d e r )  abou t  the  antenna  b o r e s i g h t  has been es tabl ished t o  
p r e v e n t  RF t r a c k  i n t e r f e r e n c e ,  and these  l f m f t s  are i n d i c a t e d  
on F i g u r e  ( C - 1 ) .  Note t h a t  b lockage  of t r a n s m i s s i o n  t h r o u g h  the  
excli~-deci areas on FLgure CC-1)  wrll no t  be near lxr  -.I as s e v e r e  a 
problem as t r a c k  i n t e r f e r e n c e ,  s o  that w i t h  manual t r a c k i n g ,  f o r  
example,  one c o u l d  possl'bly overcome much of  t h e  communications 
l o s s .  An i n e r t i a l  h o l d  sys tem f o r  t h e  a n t e n n a  was proposed  i n  
Refe rence  1 4 ,  b u t  d i s c a r d e d  because  o f  a v a r i e t y  of  imp lemen ta t ion  
problems.  

The r e g i o n  on F i g u r e  ( C - 1 )  t h a t  i s  marked o f f  by a 
heavy s o l i d  boundary r e p r e s e n t s  t h e  l i m i t s  used i n  t h i s  a n a l y s i s .  
These l i m i t s  are t h e  same as t h o s e  a p p e a r i n g  on t h e  f i g u r e s  of  
S e c t i o n  ( 5 . 1 ) .  Note tha t  t h e  guardband i s  compromised s l i g h t l y  
by t hese  l i m i t s ,  b u t  that  i n  g e n e r a l  t hese  are  c o n s e r v a t i v e .  
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APPENDIX D 

LUNAR OPTICAL LIBRATIONS 

F i g u r e  ( D - 1 )  ( a )  d e p i c t s  a n  "edge-on" view o f  t h e  
earth-moon o r b i t  p l a n e  and t h e ' p l a n e  o f  the  e c l i p t i c  (earth- 
s u n  o r b i t  p l a n e ) .  The geomet ry  shown i s  f o r  a mean l u n a r  
motion.  A s  can be s e e n ,  the moon a p p e a r s  t o  t i p  i t s  p o l a r  
a x i s  toward o r  away from t h e  Ea r th  when i t  i s  below o r  above 
t h e  e c l i p t i c ,  r e s p e c t i v e l y .  To a n  earth-based o b s e r v e r ,  t h i s  
r e s u l t s  i n  a n  a p p a r e n t  o s c i l l a t i o n  i n  l a t i t u d e ,  o r  a n  o p t i c a l  
l i b r a t i o n .  F i g u r e  (D-1)  ( b )  p r e s e n t s  a view o f  t he  earth-moon 
p l a n e  from the  e c l i p t i c  p o l e .  S i n c e  the  l u n a r  o r b i t  i s  no t  
p r e c i s e l y  c i r c u l a r ,  t h e  Moon's a n g u l a r  ra te  of motion i n  o r b i t  
i s  n o t  e x a c t l y  e q u a l  t o  i t s  a n g u l a r  r o t a t i o n  about  i t s  p o l a r  
a x i s .  T h i s  r e s u l t s  i n  a n  a p p a r e n t  o s c i l l a t i o n  i n  l o n g i t u d e  
t o  an  ear th  based obse rve r .  The sun  p e r t u r b s  t h e  mean mot ion  
o f  t h e  moon s o  as t o  cause  a 360O r e g r e s s i o n  of  t h e  l i n e  o f  
nodes as w e l l  as a p r o g r e s s i o n  o f  t h e  l i n e  o f  apsides ,  i n  18 .6  
and 8 .85  years,  r e s p e c t i v e l y .  The o r b i t a l  e c c e n t r i c i t y  and 
i n c l i n a t i o n  are a l s o  p e r t u r b e d  by t h e  s u n .  These e f f e c t s  
cause  t h e  l a t i t u d e  and l o n g i t u d e  l i b r a t i o n s  t o  vary  from month 
t o  month. 

When t h e  l a t i t u d e  and l o n g i t u d e  l i b r a t i o n s  are con- 
s i d e r e d  s i m u l t a n e o u s l y ,  they  cause  t h e  moon-earth l i n e  t o  
d e s c r i b e  a path o r  l o c u s  on t h e  s e l e n o g r a p h i c  s p h e r e .  F i g u r e s  
(D-2), ( a )  th rough  ( d ) ,  i n d i c a t e  examples of t h e  v a r i a t i o n  o f  
t h i s  l o c u s  from J u l y ,  1968 th rough  J u n e ,  1969 .  The data used 
i n  t h e  g e n e r a t i o n  of  t h e s e  cu rves  w a s  t a k e n  from J P L  ephemeris  
t a p e s .  
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